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EXECUTIVE SUMMARY

ThisInterim Technical Bulletin providestechnical guidance and recommendations on good
practicein conducting Life-Cycle Cost Analysis(LCCA) in pavement design. It alsointroduces
Risk Analysis, aprobabilistic gpproach to describe and account for the uncertainty inherent in
the process. It dealsspecifically with thetechnical aspectsof thelong-term economic efficiency
implicationsof aternative pavement designs. The Bulletinisdirected at State highway agency
(SHA) personnd with responsbility for conducting and/or reviewing pavement desgn LCCAs.

Purposeof LCCA

L CCA isan andysstechniquethat buildson thewell-founded principlesof economic andysis
to evaluatethe over-dl-long-term economic efficiency between competing dternativeinvestment
options. It doesnot address equity issues. It incorporatesinitial and discounted future agency,
user, and other relevant costsover thelife of aternativeinvestments. It attemptsto identify the
best value (thelowest |ong-term cost that sati sfiesthe performance objective being sought) for
investment expenditures.

L CCA Requirements

TheNationa Highway System (NHS) Designation Act of 1995 specifically required Statesto
conduct life-cycle cost analysison NHS projects costing $25 million or more. Implementing
guidancewasprovided in Federal Highway Adminigtration (FHWA) Executive Director
Anthony Kane'sApril 19, 1996, Memorandum to FHWA Regiona administrators.
Theimplementing guidance did not recommend specific LCCA procedures, but rather it
specified theuse of good practice.

The FHWA position on LCCA isfurther defined initsFina Policy Statement on LCCA
published in the September 18, 1996, Federal Register. FHWA Policy on LCCA isthatitisa
decision support tool, and theresultsof LCCA arenot decisionsin and of themselves. The
logical analytical evauation framework that life-cycle cost andysesfostersisasimportant asthe
L CCA reaultsthemsdlves. Asaresult, dthough LCCA wasonly officially mandatedinavery
limited number of situations, FHWA hasawaysencouraged theuseof LCCA inandyzingall
major investment decisionswhere such anaysesarelikely to increasetheefficiency and
effectivenessof investment decisionswhether or not they meet specific LCCA-mandated
requirements.

The 1998 Transportation Equity Act for the 21st Century (TEA-21) hassinced removed the
requirement for SHA'sto conduct L CCA on high-cost NHS useabl e project segments.
However, the congressional interest in LCCA iscontinued inthe new requirement that the
Secretary of Transportation develop recommended L CCA proceduresfor NHS projects.

Bulletin Format

ThelnterimTechnical Bulletin discussesthe broad fundamenta principlesinvolved in LCCA
and it presentswidely accepted procedures used in setting up and conducting LCC analysis.

Xi



It also discussesinput parameters, the variability and inherent uncertainty associated with them,
and providesrecommendations on acceptable rangesfor avariety of parameters. It presents
examplesof traditional LCCA inapavement design setting. It then providesadetailed, rational
highway capacity-based approach for determining work zone user delay, vehicle operating, and
crash costs associated with alternative pavement design strategies. It exploresthe use of
sengtivity analysisintraditiona LCCA approachesand introducesaprobabilistic-based risk
analysisapproach to account for the variability of inputs. Several microcomputer software
programsareavailablefor conducting deterministic LCCA onroutine pavement rehabilitation
projects. Therearea so powerful microcomputer-based risk anaysis software programs
currently onthe market that work well in conjunctionwith standard computer spreadsheet
applications. Theappendix to thisInterimBulletinincludes adiscussion of supporting
computer software and additional L CCA resource documents.

L CCA Procedures

Life Cycle Cost (LCC) andysisshould be conducted asearly in the project development cycle
aspossible. For pavement design, the appropriatetimefor conducting the LCCA isduring the
project design stage. TheLCCA level of detail should be consistent with theleve of
investment. Typical LCCA model sbased on primary pavement management strategiescan be
used to reduce unnecessarily repetitiveanayses.

L CCA need only consider differentia cost among aternatives. Costscommonto all dternatives
cancel out, aregenerally so noted in thetext, and arenot included in LCCA calculations.
Inclusion of dl potential LCCA factorsin every andysisiscounterproductive; however, dl

L CCA factorsand assumptions should be addressed, evenif only limited to an explanation of
therationalefor not including eliminated factorsin detail. Sunk costs, which areirrelevant to the
decision at hand, should not beincluded.

L CCA Principlesof Good Practice

TheL CCA anadysisperiod, or thetimehorizon over which aternativesare evaluated, should be
sufficient toreflect long-term cost differences associ ated with reasonable design Strategies.
While FHWA's L CCA Policy Statement recommendsan analysisperiod of at least 35 years
for al pavement projects, including new or total reconstruction projectsaswell asrehabilitation,
restoration, and resurfacing projects, an analysis period range of 30to 40 yearsisnot
unreasonable.

Net Present Value (NPV) isthe economic efficiency indicator of choice. TheUniform
Equivdent Annua Cost (UEAC) indicator isa so acceptable, but should be derived from NPV.
Computation of Benefit/Cost (B/C) ratiosare generally not recommended because of the
difficulty in sorting out cost and benefitsfor useinthe B/Cratios.

Future cost and benefit streams should be estimated in constant dollarsand discounted to the
present using area discount rate. Although nomina dollars can be used with nomina discount
rates, use of rea/constant dollarsand real discount rates eliminatesthe need to estimateand
includeaninflation premium. Inany given LCCA, redl/constant or nomina dollarsmust not be
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mixed (i.e, dl costsmust beinred dollarsor dl costs must bein nomina dollars). Further, the
discount rate sel ected must be consi stent with the dollar typeused (i.e., usereal cost and real
discount ratesor nomina cost and nominal discount rates).

Thediscount ratesemployedin LCCA should reflect historical trendsover long periodsof time.
Although long-term trendsfor real discount rateshover around 4 percent, 3to 5 percentisan
acceptablerange andiscons stent with valueshistorically reported in Appendix A of OMB
Circular A-94.

Performance periodsfor individua pavement designsand rehabilitation strategieshavea
sgnificantimpact on analysisresults. Longer performance periodsfor individual pavement
designsrequirefewer rehabilitation projects and associ ated agency and work zones user costs.

Whilemost analysesincludetraditional agency costs, somedo not fully account for the SHA
engineering and construction management overhead, especidly onfuturerehabilitations. Thiscan
beaseriousoversight on short-lived rehabilitationsas SHAsdesign processeslengtheninan era
of downsgizing.

Routine, reactivetype annual maintenance costs have only amargina effect on NPV. They are
hardto obtain, generaly very smal incomparisontoinitial construction and rehabilitation costs,
and differentia sbetween competing pavement strategiesareusudly very smal, particularly
when discounted over 30- to 40-year analysis periods.

Salvageva ue should be based on theremaining life of an alternative at theend of theanalysis
period asaprorated share of thelast rehabilitation cost.

User Costs

User costsarethe delay, vehicle operating, and crash costsincurred by the usersof afacility
and should beincludedinthe LCCA. Vehicledelay and crash costsare unlikely to vary among
aternative pavement designs between periodsof construction, maintenance, and rehabilitation
operations. Although vehicle operating costsarelikely to vary during periodsof normal
operationsfor different pavement design strategies, thereislittleresearch on quantifying such
Vehicle Operating Cost (VOC) differentia sunder the pavement condition levelsprevailinginthe
U.S.A. TheTechnical Bulletin thereforefocuses strictly on work zone user cost differences
between aternatives.

User costsare heavily influenced by current and future roadway operating characteristics. They
aredirectly related to the current and futuretraffic demand, facility capacity, and thetiming,
duration, and frequency of work zone-induced capacity restrictions, aswell asany circuitous
mileage caused by detours. Directiond hourly traffic demand forecastsfor theanalysisyear in
guestion areessentia for determining work zone user costs.

Aslong aswork zone capacity exceeds vehicledemand on thefacility, user costsarenormally
manageabl e and represent more of an inconveniencethan aseriouscost to thetraveling public.
When vehicledemand onthefacility exceedswork zone capacity, thefacility operatesunder
forced-flow conditionsand user costs can beimmense. Queuing costs can account for more
than 95 percent of work zone user costswith thelion’s share of the cost being the delay time of
crawling through long, dow-moving queues.
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Different vehicle classeshave different operating characteristics and associ ated operating costs,
and asaresult, user costs should beanalyzed for at |east three broad vehicle classes: Passenger
Vehicles, Single-Unit Trucks, and Combination Trucks.

User delay cost rates are probably the most contentious of al user cost inputs. Whilethereare
severd different sourcesfor thedollar value of time delay, the recommended mean valuesand
rangesfor the value of time (Aug 96 $) shown inthetable below appear reasonable. Itis
important to notethat commercial vehiclessupport higher valuesof travel timedelay ratesand
that passenger vehicles, particularly pickup trucks, represent both commercial and
noncommercia use.

Recommended valuesof time.

Vehicle Class $ ValuePer Vehicle Hour
Value Range
Passenger Vehicles $11.58 $10t0 13
Single-Unit Trucks 18.54 17t0 20
Combination Trucks 22.31 21to24

Work zonecrash cost differentialsbetween alternativesare very difficult to determine because of the
lack of hard statisticaly significant dataon work zone crash ratesand thedifficulty in determining vehicle
work zone exposure. However, default dollar valueranges associated with fatal and nonfatal injury
highway crashesareincluded.

Risk Analysis

LCCA, asaminimum, should includeasengtivity anaysisto addressthevariability within mgor
anaysesinput assumptionsand estimates. Traditionally, sengitivity anadysshaseva uated different
discount rates or assigned value of time, normally eval uating abest and wor st case scenario. The
ultimate extension of sengtivity andyssisaprobabilistic gpproach, which alowsal sgnificant inputsto
vary Smultaneoudy.

ThelInterim Technical Bulletin advocatesthe use of aprobabilistic gpproachto LCCA that
incorporatesanaysisof thevariationwithin theinput assumptions, projections, and estimates. The
prevailingterm usedin privateindustry for aprobabilistic approachisRisk Analysis. Risk analysisisa
techniquethat exposesareas of uncertainty, typically hiddeninthetraditional deterministic approachto
LCCA, andit alowsthedecision maker to weigh the probability of the outcome actually occurring. The
risk analysi s approach combines probability descriptionsof uncertain variablesand acomputer
simulation technique, generaly know asMonte Carlo Simulation, to characterize uncertainty. Monte
Carlogmulationsrandomly draw samplesfrom theindividud inputsconsistent with their defined
distributionsto cal culate thousands, even tensof thousands, of what if outcomes. With enough
samples, the program can definean overall composite NPV probability distribution for each dternative
— onethat showsthe entirerange of possi ble outcomesand thelikelihood that any particular outcome
will actually occur. Giventhe power and sophistication of today’s computers and software, the FHWA
strongly endorsesthe use of techniques, such asMonte Carlo smulation, for incorporating variability
associated with LCCA inputsintofinal results.
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CHAPTER 1. INTRODUCTION

The purpose of thisInterimTechnical Bulletin isto providetechnical guidanceand
recommend good practicein conducting Life-Cycle Cost Analysis(LCCA) in pavement
design and tointroduce Risk Anaysis, aprobabilistic approach, which describesthe
uncertainty inherent in the process. Theprimary audiencefor thisBulletin is State highway
agency (SHA) personnel responsiblefor conducting and/or reviewing LCCA of highway
pavements. Thisincludes State pavement desi gn engineersand pavement management
engineers, aswell asdigtrict or areasupervisorsrespons blefor selecting pavement typeand
rehabilitation Srategies.

SCOPE

ThelInterim Technical Bulletinrecommends specific proceduresfor conducting LCCA in
pavement design and discussestherel ativeimportance of LCCA factorson analysisresults. In
theinterest of technical purity, thediscussionincludesal relative LCCA factors, eventhough
not all eementsinfluencethefinal LCCA resultstothesamedegree. The Bulletinfirst
addressesthe broad fundamental principlesinvolvedin LCCA; thisisfollowed by presentation
of thewidely accepted procedures used to set up and conduct LCC analysis. It discussesinput
parametersand presentsexamplesof traditional LCCA inapavement design setting. It
discussesthevariability andinherent uncertainty associated with input parametersand
recommends acceptablerangesfor avariety of parameters. It exploresthe use of sensitivity
andintroducesarisk analysi s approach to account for thevariability of inputs. Finaly, thereisa
discussion of supporting computer software. The appendix listsadditional LCCA resource
documents specific to pavement design.

Whiletheissueof equity isahighly significant considerationinany publicinvestment decison, it
isnot part of theeconomic efficiency issue. ThisInterim Technical Bulletin dealsspecifically
with thetechnical aspectsof thelong-term economic efficiency implicationsof dternative
pavement designs.

L CCA resultsareauseful decision support tool, but they are not decisionsin and of
themselves. Frequently, theanalytical eval uation that such analysisfostersisasimportant asthe
LCCA results. Asaresult, SHAsare encouraged to conduct L CCA in support of al major
investment decisons.

APPLICATION

Fundamental principlesof economic analysishave broad application. Ingenerd, thisInterim
Technical Bulletin presents generic conceptsthat may be applied to areas other than
pavements. For example, LCCA may be applied to establish funding levels, all ocate resources
among program areas, and prioritize project selection.



LEVEL OF DETAIL

Thereativeinfluenceof individua Life-Cycle Cost (L CC) factorsonandysisresultsmay vary
frommajor to minor toinsignificant. Theanayst should ensurethat thelevel of detail
incorporated inan LCCA iscons stent withthelevel of investment decision under consideration.
There comesapoint of diminishing returnsas more and more cost factorsareincorporatedinan
LCCA. For example, dight differencesin future costshaveamargina effect on discounted
present value. Including such factorsasthisunnecessarily complicatesthe analysiswithout
providing tangibleimprovement inandysisresults. Including dl factorsin every andysisis
frequently not productive. Thedifficulty in capturing some costs makes omitting them themore
prudent choice— particularly when the effect onthe LCCA resultsismarginal at best.

Inconductingan LCCA, anaystsshould evauatedl factorsfor inclusion and explainthe
rationalefor eliminating factors. Such explanationsmake anays sresults more supportablewhen
they are scrutinized by criticswho are not pleased with the analysisoutcome. ThisInterim
Technical Bulletin does not provide guidance on determining the appropriate extent of LCCA
on specific projects.

LCCA DRIVING FORCES

Thecurrent FHWA position on pavement-related L CCA hasitsrootsin thelntermodal Surface
Transportation Efficiency Act (ISTEA) of 1991, which specifically required consideration of
“theuseof life-cycle costsin the design and engineering of bridges, tunnels, or pavement” in
both Metropolitan and Statewide Trangportation Planning. Additional direction camein January
1994 with Executive Order N0.12893, “ Principlesfor Federa Infrastructure Investments,”
which requires systematic anaysisof benefitsand costswhen making infrastructureinvestment
decisions. It dso requiresthat the costsbe measured and discounted over thefull life cycleof
each project. Further, an Office of Inspector General/Government Accounting Office (Ol G/
GAO) 1994 Highway I nfrastructure report on cost comparison of asphalt versus concrete
pavementsreviewed inthe Federa Highway Administration (FHWA) Region 4 Statesmade
specific recommendationson the FHWA' sneed to provide additional technical guidance
onLCCA.®

In addition, the Nationa Highway System (NHS) Designation Act of 1995 specifically requires
that the Secretary of Transportation establish aprogram requiring Statesto conduct life-cycle
costsanalysison NHS projectswherethe cost of ausable project segment equalsor exceeds
$25million. The FHWA's Executive Director, Anthony Kane, distributed implementing
guidanceon NHS L CCA requirementsto FHWA field officesinan April 19, 1996,
memorandum. Theimplementing guidancefocused on the use of good practicerather than
prescribe specific LCCA procedures.

TheNHSDesignation Act of 1995 also required the SHAsto perform Value Engineering
Anaysisonthesamehigh-cost NHS projects. The Vaue Engineering provisonswere
implemented in 23 Code of Federal Regulations (CFR) Part 627 published inthe Federal
Register in February 1997, and requirementstook effect March 17, 1997.



Finally, the 1998 Transportation Equity Act for the 21st Century (TEA-21) removed the LCCA
regquirements established inthe NHS Act and directed the Secretary of Transportationto

devel op recommended proceduresfor conducting LCCA on NHS projects. Such
recommended proceduresareto be devel opedin consultation with AASHTO and in concert
with the principlesdefined in Executive Order 12893.

GENERAL DEFINITIONS

Some of themore genera definitionsused in this Technical Bulletin arelisted below. Other
definitionsare provided in the sectionswherethey are addressed.

Life-Cycle Cost Analysis(LCCA), waslegidatively defined in Section 303, Quality
Improvement, of the National Highway System NHS Designation Act of 1995. Thedefinitionas
modified by TEA-21,is". .. aprocessfor evauating thetotal economicworth of ausable
project segment by analyzinginitial costsand discounted future cost, such asmaintenance, user,
reconstruction, rehabilitation, restoring, and resurfacing costs, over thelife of the project
segment.” A usable project segment isdefined asaportion of ahighway that, when compl eted,
could be opened to traffic independent of somelarger overall project.

Insmpler terms, LCCA isan anaysistechniquethat supportsmoreinformed and, it ishoped,
better investment decisions. It buildson somewel |-founded principles of economic analysisthat
have been used to evaluate highway and other public worksinvestmentsfor years, but LCCA
hasadightly stronger focus onthelonger term. It incorporates discounted |ong-term agency,
user, and other relevant costsover thelifeof ahighway or bridgeto identify the best valuefor
investment expenditures(i.e., thelowest long-term cost that satisfiesthe performance objective
sought). LCCA can be applied to awidevariety of investment-related decisonlevelsto evaluate
the economic worth of variousdesigns, projects, dternatives, or systeminvestment strategiesto
get the best return onthe dollar.

Pavement Design isdefined under 23 CFR Section 500.203 as”. . . aproject-level activity
where detail ed engineering and economic cons derations are given to aternate combinations of
subbase, base, and surface materia which will provide adequateload carrying capacity. Factors
that areconsidered include: materids, traffic, climate, maintenance, drainageand lifecyclecosts.”

User Costsare costsincurred by highway userstraveling on thefacility and the excess costs
incurred by those who cannot use thefacility because of either agency or self-imposed detour
requirements. User coststypically arean aggregation of three separate components: Vehicle
Operating Costs (VOC), Crash Costs, and User Delay Costs. Chapter 3 discusses each of
these cost componentsin detall.

Deterministic Approach to LCCA applies procedures and techniqueswithout regard for the
variability of theinputs. The primary disadvantage of thistraditiona approachisthat it doesnot
account for the variability associated with the LCCA input parameters.

Risk Analysis Approach characterizes uncertainty. ThisInterim Technical Bulletin advocates
thisapproach becauseit combines probability descriptionsof anayssinputswith computer
simulationsto generatethe entirerange of outcomesaswell asthelikelihood of occurrence.



Economic Indicators

Several economic indicators are available to the analyst. The most common include Benefit/
Cost (B/C) Ratios, Internal Rate of Return (IRR), Net Present Value (NPV), and Equivalent
Uniform Annual Costs (EUAC). Many of these indicators are thoroughly discussed in the 1992
Office of Management and Budget Circular A-94.?)

Benefit/Cost Analysis or Ratio represents the net discounted benefits of an alternative
divided by net discounted costs. B/C ratios greater than 1.0 indicate that benefits exceed cost.
The B/C ratio approach is generally not recommended for pavement analysis because of the
difficulty in sorting out benefits and costs for use in developing B/C ratios.

Internal Rate of Return, primarily used in private industry, represents the discount rate
necessary to make discounted cost and benefits equal. While the IRR does not generally
provide an acceptable decision criterion, it does provide useful information, particularly when
budgets are constrained or there is uncertainty about the appropriate discount rate.

Net Present Value, sometimes called Net Present Worth (NPW), is the discounted monetary
value of expected net benefits (i.e., benefits minus costs). NPV is computed by assigning
monetary values to benefits and costs, discounting future benefits (PV,__. ) and costs (PV__ )
using an appropriate discount rate, and subtracting the sum total of discounted costs from the
sum total of discounted benefits.

Discounting benefits and costs transforms gains and losses occurring in different time periods to
a common unit of measurement. Programs with positive NPV value increase social resources
and are generally preferred. Programs with negative NPV should generally be avoided. There is
fairly strong agreement in the literature that NPV is the economic efficiency indicator of choice.

The basic formula for computing NPV is:

NPV = PVbeneﬁts - PVcosts
Because the benefits of keeping the roadway above some preestablished terminal service ability
level are the same for all design alternatives, the benefits component drops out and the formula
reduces to:

N
NPV = Initial Cost + Z Rehab Cost, [;n:|
k=1 (I+1)™
where: 1= discount rate

n = year of expenditure
The section on Compute Net Present Value (page 25) discusses NPV computations in more detail.

Equivalent Uniform Annual Costs represents the NPV of all discounted cost and benefits
of an alternative as if they were to occur uniformly throughout the analysis period. EUAC is a
particularly useful indicator when budgets are established on an annual basis. The preferred



method of determining EUAC isfirst to determinethe NPV, and then usethefollowing formula
toconvertittoEUAC:

EUAC = NPV[M}
@a+i"-1

where: i = discount rate
n = number of yearsinto future

Additiona termsare defined as necessary asthey occur inthebody of thetext.

COST ESTIMATES

Estimates of future costs and benefits can be made using constant or nominal dollars.
Constant dollars, often called real dollars, reflect dollarswith the same or constant purchasing
power over time. In such cases, the cost of performing an activity would not changeasa
function of thefutureyear inwhich it would be accomplished. For example, if hot-mix asphalt
concrete (HMAC) costs $20/ton today, then $20/ton should be used for futureyear HMAC
cost estimates. Nominal dollars, onthe other hand, reflect dollarsthat fluctuatein purchasing
power asafunction of time. They arenormally used tofoldin futuregenera pricerisesresulting
from anticipated inflation. WWhen using nominal dollars, theestimated cost of an activity would
changeasafunction of thefutureyear inwhichitisaccomplished. Inthiscase, if HMAC costs
$20/tontoday, and inflation were estimated at 5 percent, HMAC cost estimatesfor 1 year from
today would be $21/ton.

While LCCA can be conducted using either constant or nominal dollars, therearetwo
cautions. First, inany given LCCA, constant and nominal dollars cannot be mixed inthe same
anaysis(i.e., al costsmust bein elither constant dollarsor al costsmust bein nominal
dollars). Second, the discount rate (discussed bel ow) selected must be consistent with thedollar
typeused (i.e., use constant dollars and discount rates or nominal dollars and discount rates).
Good practice suggests conducting LCCA using constant dollarsand real discount rates. This
combination eliminatesthe need to estimate and include an inflation premium for both cost and
discount rates.

DISCOUNT RATES

Nominal Ver sus Real

Similar to costs, LCCA can useeither real or nominal discount rates. Real discount ratesreflect
thetruetimevaueof money with noinflation premium and should be used in conjunctionwith
noninflated dollar cost estimatesof futureinvestments. Nominal discount ratesincludean
inflation component and should only be usedin conjunctionwith inflated future dollar cost
estimates of futureinvestments. The same cavests, as noted above, apply to mixing real dollar
cost and nominal discount ratesand viceversa. The OMB Circular A-94, and theannual
updates of appendix A tothe Circular, further discussthereal versusnominal dollar and
discount ratesissue.



Valuesto Use

Discount ratescan sgnificantly influencetheanaysisresult. LCCA should useareasonable
discount ratethat reflectshistorical trendsover long periodsof time. Dataon the historica
trendsover very long periodsindicatethat therea timevalue of money isapproximately

4 percent.

In the public sector, becauseinvestment resources comefrom Jane and John Q. Publicinthe
form of taxes or user fees, the discount rate used needsto be consistent with the opportunity
cost of thepublic at large. The supersafe U.S. Government Treasury Bill isone conservative
indicator of the opportunity cost of money for the public at large. Figure 1.1 reflectsthe
historical trend of yieldson 10-year Treasury notes. Theupper curvereflectsthenomina rate
of return whilethelower curverepresentstheinflation adjusted red rate of return. For the
period March 1991 through August 1996, thereal rate of return ranges somewhere between 3-
to 5-percent and the average close to 4 percent.

8.06% | \ \

Yield on a 10-year Treasury note
v

6.94%

Amount Lost
to Inflation

3.74%
3.21%

Actual yield to investors,
after inflation

Mar. ‘91 1992 1993 1994 1995 1996  Avg. ‘%

Figurel.1. Historical trendson 10-year Treasury notes.

The Department of the Treasury madeitsfirst offering of Inflation Protected Securitiestothe
generd publicinspring 1997. These securities offer areal rate of return and aprovision that
adjuststheprincipd to protect againgt inflation. The offeringwasvery well received by the
public (therewas moredemand for the securitiesthan the Treasury Department wanted to sell)
at ayield of just over 3.5 percent.

In 1995 and 1996, the FHWA Oiffice of Engineering, Pavement Division, conducted anational
pavement design review and found that the discount rates currently employed by SHAsto
conduct LCCA in pavement design showed adistribution of valuesclustering inthe 3- to 5-
percent range.



Finally, table 1.1 showsrecent trendsinreal discount ratesfor variousanaysis periods
published over thelast several yearsin annual updatesto OMB Circular A-94. Considering the
above, good practice suggestsusing area discount rate, onethat does not reflect an inflation
premium, of 3to 5 percent in conjunction with real/constant dollar cost estimates.

Table1.1. Recent trendsin OMB real discount rates.

AnalysisPeriod
Year
3 5 7 10 30
92 2.7 31 3.3 3.6 3.8
93 31 3.6 4.0 4.3 4.5
9 2.1 2.3 25 2.7 2.8
95 4.2 4.5 4.6 4.8 4.9
96 2.7 2.7 2.8 2.8 3.0
97 32 3.3 34 35 3.6
98 34 35 35 3.6 3.8
Average 31 3.3 34 3.6 3.8
Standard Deviation 0.7 0.7 0.7 0.8 0.7
STRUCTURED APPROACH

Anaystsshould work from formalized, objective LCCA proceduresincorporated within the
overall pavement design process. Such procedures should be comprehensive enough to capture
and evd uate the differences between competing pavement design alternatives and subsequent
rehabilitation strategies. Thedesign processshould clearly identify whenand at what level to
performthe LCCA, aswell asthe scopeand level of detail of such analysis. LCCA procedures
should clearly identify the components and factorsthat areincluded in addition to supporting
rationalefor selected input values. LCCA input assumptions should be reasonable and conform
to accepted practice and convention. L CCA should recognize the uncertainty associated with

L CCA inputsand theimplication of the uncertainty on LCCA results. Asaminimum, LCCA
shouldincludeasengtivity andysisof LCCA resultsto variationin mgor LCCA inputs. SHAS
areencouraged to incorporate aquantitative risk analysisapproach to treat input uncertainty
(seechapter 4).






CHAPTER 2. LCCA PROCEDURES

Thischapter identifiesthe procedura stepsinvolvedin conducting alife-cyclecost andysis
(LCCA). Theyinclude:

Establish alternative pavement design strategiesfor theanaysisperiod.
Determine performance periodsand activity timing.

Estimate agency costs.

Estimate user costs.

Devel op expenditure stream diagrams.

Compute net present value.

Andyzereaults.

Reeva uate design strategies.

Nk WNE

Whilethestepsare generally sequential, the sequence can be altered to meet specific LCCA
needs. Thefollowing sectionsdiscusseach step.

ESTABLISH ALTERNATIVE PAVEMENT DESIGN STRATEGIESFOR THE
ANALYSISPERIOD

Theprimary purposeof an LCCA isto quantify thelong-termimplication of initial pavement
design decisionson thefuture cost of maintenance and rehabilitation activitiesnecessary to
mai ntai n some preestablished minimum acceptableleve of servicefor some specifiedtime.

A Pavement Design Strategy isthe combination of initial pavement design and necessary
supporting maintenance and rehabilitation activities. AnalysisPeriod isthetimehorizon over
which future cost areevauated. Thefirst stepin conducting an LCCA of aternative pavement
designsistoidentify the aternative pavement design strategiesfor theanalysisperiod under
congderation.

AnalysisPeriod

L CCA andysisperiod should besufficiently long toreflect long-term cost differences associated
with reasonable design strategies. Theanalysisperiod should generaly dwaysbelonger thanthe
pavement design period, except inthe case of extremely long-lived pavements. Asaruleof
thumb, theanalysisperiod should belong enoughtoincorporate at | east onerehabilitation
activity. The FHWA's September 1996 Final L CCA Policy statement recommendsan analysis
period of at least 35 yearsfor al pavement projects, including new or total reconstruction
projectsaswell asrehabilitation, restoration, and resurfacing projects.®

Attimes, ashorter analysis periodsmay be appropriate, particularly when pavement design
aternativesare devel oped to buy time (say 10 years) until total reconstruction. It may be
appropriateto deviatefrom the recommended minimum 35-year analysisperiod when dightly
shorter periodscould s mplify salvage va ue computations. For example, if dl dternative
strategieswould reach terminal serviceability at year 32, then a32-year analysiswould bequite

appropriate.



Regardlessof theanaysis period sel ected, the anaysis period used should be the samefor all
aternatives. Figure 2.1 showsatypica anaysisperiod for apavement design alternative.

Rehabilitation

-

Terminal Serviceability

Pavement
Condition

Pavement

Analysis Period Life

Figure2.1. Analysisperiod for apavement design alternative.

Pavement Design Srategies

Typicaly, eachdesigndternativewill havean expectedinitia designlife, periodic maintenance
treatments, and possibly aseries of rehabilitation activities. Itisimportant to identify the scope,
timing, and cost of these activities. Depending ontheinitial pavement design, SHAsemploy a
variety of rehabilitation strategiesto keegp the highway facilitiesin functional condition.®® For
example, table 2.1 showsthe Pennsylvania Department of Transportation’s(PennDOT's)
typica supporting maintenance and rehabilitation strategy for new, reconstructed, and unbonded
portland cement concrete pavementsincluded inits LCCA procedures. PennDOT’sLCCA
proceduresalso contain typical supporting strategiesfor new and reconstructed asphalt
concrete pavements. Notethat user cost requirementsarea so identified.

DETERMINE PERFORMANCE PERIODSAND ACTIVITY TIMING

Performancelifefor theinitid pavement design and subsequent rehabilitation activitieshasa
magjor impact on LCCA results. It directly affectsthefrequency of agency interventiononthe
highway facility, whichinturn affectsagency cost aswell asuser costsduring periods of
congtruction and maintenance activities. SHA s can determine specific performanceinformation
for various pavement strategiesthrough anaysisof pavement management dataand historical
experience. Operationa pavement management systems can providethedataand anaysis
techniquesto eva uate pavement condition and performance and traffic volumesto identify cost-
effective strategiesfor short- and long-term capital projectsand maintenance programs. Some
SHAsdevel op performancelivesbased on the collective experience of their senior engineers.
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Table2.1. PennDOT sdesign strategy for new, reconstructed, and unbonded overlay.

Year Treatment

5 Clean and sedl 25% of longitudinal joints.
Clean and seal 5% of transversejoints. 0% for neoprene seals.
Sedl coat shouldersif Type 1 paved shoulders.

10 Sameasyear 5.

15 Clean and sed 25% of longitudind joints.
Clean and seal 10% of transversejoints, 5% for neoprene seals.
Seal coat shoulders, if Type 1 paved shoulders.

20 Concrete patch 5% of pavement area
Spall repair 1% of transversejoints (5 sf/joint).
Sab stabilization: minimum 25% of transversejoint.
Diamond grind 100% of pavement area.
Cleanand sed dl longitudina joints, including shoulders.
Clean and sedl all transversejoints, 7% for neoprene seals.
Seal coat shoulders, if Typel paved shoulders.
Maintenance and protection of traffic.
User delay.

25 Clean and sed 25% of longitudind joints.
Clean and seal 10% of transversejoints, 10% for neoprene seals
Seal coat shoulders, if Typel paved shoulders.

30 Concrete patch 2% of pavement area.
Cleanand sed dl jointswith fiber asphalt membrane.
60-#/sy leveling course.
3.5-in1D-2or 4-inID-3/ID-2 overlay.
Saw and sedl joints.
Type7 paved shoulders.
Adjust al guiderail and drainage structures.
Maintenance and protection of traffic.
User delay.

35 Seal coat shoulders.

Note: The CPR strategy slated for year 20 can be moved to year 15 at the District’s discretion. However,
when doing this, the overlay at year 30 must be moved to year 25, and another overlay added at year 33.

Current FHWA effortsto analyze pavement performance data collected as part of the Strategic
Highway Research Program (SHRP) Long-Term Pavement Performance Program (LTPP)
should provide an additional valuableresourceto SHAS. To support that effort, the FHWA is

al so coordinating the devel opment and wide distribution of the DataPave software program to
make LTPP performancedatadirectly availableto the SHAs. Specific pavement performance
informationisalso availablein various pavement performance reports devel oped by SHAssuch
asMinnesotaand lllinois, just to mention afew.

Work zonerequirementsfor initial construction, maintenance, and rehabilitation directly affect
highway user costsand should be estimated a ong with pavement strategy devel opment. The
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frequency, duration, severity, and year of work zonerequirement arecritica factorsin
developing user costsfor thedternativesbeing considered.

ESTIMATE AGENCY COSTS

Congtruction quantitiesand costsaredirectly related to theinitial design and subsequent
rehabilitation strategy. Thefirst stepin estimating agency costsisto determine construction
quantities/unit prices. Unit prices can be determined from SHA historical dataon previoudy bid
jobsof comparable scale. Other datasourcesincludethe Bid AnaysisManagement System
(BAMYS), if used by the SHA.

L CCA comparisonsareawaysmade between mutually exclusive competing dternatives.
L CCA need only consider differential costs between dternatives. Costscommontoall
alternativescancel out, these cost factorsare generally noted and excluded from LCCA
cdculdions.

Agency costsincludeall costsincurred directly by the agency over thelife of theproject. They
typicdly includeinitid preliminary engineering, contract administration, construction supervision
and congtruction costs, aswell asfuture routineand preventive maintenance, resurfacing and
rehabilitation cost, and the associ ated administrative cost. Routine reactive-type maintenance
cost dataarenormally not available except on avery general, areawide cost per lanemile.
Fortunately, routinereactive-type maintenance costsgeneraly arenot very high, primarily
because of therelatively high performancelevel smaintained on mgor highway facilities. Further,
SHAsthat do report routine reactive-type mai ntenance costs note little difference between most
aternative pavement strategies. When discounted to the present, small reactive maintenance
cost differenceshave negligibleeffect on NPV and can generally beignored.

Agency costsa soinclude maintenance of traffic cost and caninclude operating cost such as
pump station energy costs, tunnd lighting, and ventilation. At times, the salvagevaue, the
remaining value of theinvestment at theend of theanalysis period, isincluded asanegative cost.

Salvage Valuerepresentsvalue of aninvestment alternative at the end of theanalysisperiod.
Thetwo fundamental components associ ated with salvagevalueareresidua valueand
sarvicegblelife.

Resdual Valuerefersto the net valuefrom recycling the pavement. Thedifferential residual
value between pavement design strategiesisgenerdly not very large, and, when discounted over
35years, tendsto havelittleeffect on LCCA results.

Serviceable Liferepresentsthe more significant salvage value component and isthe remaining
lifeinapavement alternative at theend of theanalysisperiod. Itisprimarily used to account for
differencesin remaining pavement life between dternative pavement design strategiesat theend
of theanaysisperiod. For example, over a35-year analyss, Alternative A reachesterminal

serviceability at year 35, while Alternative B requiresa10-year design rehabilitation at year 30.
Inthiscase, the serviceablelifeof Alternative A at year 35would be0, asit hasreached its

termina serviceability. Conversdly, Alternative B receivesa10-year designrehabilitation at year
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30and will have5yearsof serviceablelifeat year 35, theyear theanalysisterminates. The
valueof the serviceablelife of Alternative B at year 35 could be cal culated asapercent of
designliferemaining at theend of theanaysisperiod (5 of 10 yearsor 50 percent) multiplied by
thecost of Alternative B’srehabilitation at year 30.

Sunk Costsrepresent aspecia category of coststhat areirrelevant to the decision at hand.
Anaystsshould becareful not toincludethemin LCCA. Anexamplemay servebestin
understanding the concept.

Anindividual places a $10 nonrefundable deposit on a $100 camera at Sore A.
Before picking up the camera, the individual finds an identical camera on sale at
Sore B for $80. From an economic efficiency per spective, from which store should
the individual purchase the camera? What bearing does the $10 deposit have on
thedecision?

The $10 depositisasunk cost and isirrelevant to the decision. The decision comesdownto
paying Store A the $90 balancefor the camera, or paying Store B $80 for anidentical camera.

Not all casesof sunk cost arethisclear and, again, analysts need to take careto guard against
including themin LCCA. Anexamplemore specific to pavement design might involvethe
reluctance of adesigner to select an dternativewith amuch lower life-cycle cost becauseit
would mean wasting the money previoudy spent on developing fina plansfor aclearly inferior
dterndive.

ESTIMATEUSER COSTS

Inthesimplest sense, user costsare costsincurred by the highway user over thelifeof the
project. InLCCA, highway user costsof concern arethedifferential costsincurred by the
motoring public between competing dternative highway improvementsand associated

mai ntenance and rehabilitation strategies over the analysisperiod. Inthe pavement design arena,
theuser costsof interest arefurther limited to the differencesin user costsresulting from
differencesinlong-term pavement design decisionsand the supporting maintenanceand
rehabilitationimplications. User costsare an aggregation of three separate cost components:
vehicle operating costs (VOC), user delay costs, and crash costs.

Normal OperationsVersusWork Zones

Inthe LCCA of pavement design aternatives, thereare user costs associated with both normal
operationsand work zone operations. Thenormal operations category reflects highway user
costsassociated with using afacility during periodsfree of construction, maintenance, and/or
rehabilitation (i.e., work zone) activitiesthat restrict the capacity of thefacility. User costsinthis
category areafunction of thedifferential pavement performance (roughness) of thealternatives.
Thework zone oper ations category, however, reflects highway user costs associated with
using afacility during periodsof construction, maintenance, and/or rehabilitation activitiesthat
generdly restrict the capacity of thefacility and disrupt norma traffic flow.
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During normal operating conditions, asagenerd rule, thereshould belittle difference between
crash costsand delay costsresulting from pavement design decisions. Further, aslong asthe
pavement performancelevelsremainreatively high, and performance curvesof thedternative
designsaresimilar, there should belittleif any difference between vehicle operating costs.

If, however, pavement performance curvesand level sdiffer substantialy, Significant vehicle
operating cost differentialscan devel op. Figure 2.2 depictsan exaggerated example of
aternative pavement design strategies.

Alternative A Alternative B

Terminal Serviceability

Pavement Condition

0 5 10 15 20
Pavement Life (Years)

Figure2.2. Performancecurvever susrehabilitation strategy.

Infigure2.2, Alternative A representsatraditional longer term strategy with rehabilitation
implemented ona15-year cycle. Alternative B consistsof aminimal trestment ona5-year
cycle. Thisfiguregraphically depictsdifferencesin performancelevel sfor different rehabilitation
drategies. Intuitively, differencesin pavement performance can producedifferencesinvehicle
operating costs. Sight differencesinVOC rates caused by differencesin pavement performance
characteristics (primarily roughness), when multiplied by several yearsVehicleMilg(s) Traveled
(VMT), couldresultinhuge VOC differentid sover thelife of thedesign strategy. Thisis
particularly truefor pavement preservation strategiesthat exhibit poor performance over most

of theanaysisperiod asshown by Alternative B infigure 2.2.

To calculatethese differences, however, theanayssmust beableto:

(1) Accuratdy estimatethe pavement performance differencesover time (at least yearly).
(2) Quantify thedifferenceinVOC ratesfor dight differencesin pavement performance at
relatively high performancelevels.

Most research on VOC rates, asafunction of pavement performance, has been conducted

by the World Bank. Figure 2.3 showsthe effect of road roughness, as measured by the
international roughnessindex (IRI), onroad user costsin New Zedland.” Thefigurealso
showsthat additional operating costs (ascompared to asmooth road baseline) beginto accrue
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around an IRl equal to 170 in/mi. According to Darter’ sand Al-Omai’swork, an IRl level of
170isapproximately equal to aPRSrating of 2.5. On higher order systemsin the United
States, such asthe NHS, SHAstypically consider pavementswithaPSR of 2.5to have
reached their terminal servicesbility index and schedule someform of rehabilitation.”

Theeffect of pavement condition on user operating cost at low roughnesslevels, if any, isnot
well documented. Thereis, however, current research, NCHRP 1-33, Methodol ogy to
I mprove Pavement I nvestment Decision, under way inthisarea. NCHRP 1-33 has been
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Figure?2. 3. Effect of roughnesson road user costsin New Zealand.

initiated to obtai n objectiveinformation rel ating costs associating with truck operating expenses
(health claims, cargo damage, vehi cle depreciation, mai ntenance and repair) with road
roughness. Thisstudy isscheduled to be complete by 1999.

Additionaly, the Corndl University School of Civil Engineeringisperforming preliminary work
on establishing differential vehicle operating costsassociated with pavement condition (i.e., IRI)
for the New York State Department of Transportation.®

Evenif user operating cost differential s are established between smooth and very smooth roads,
theandyst must still overcomethedifficulty in estimating projected year-by-year performance
differencesbetween dternative pavement design strategies.

Consdering the prevailing pavement performanceranges encountered inthe United Stateson
higher typefacilities, and thelack of precisionin projecting year-by-year pavement performance
differentials, thisInterim Technical Bulletin does not address computing user vehicle operating
cost differentialsduring normal operating conditionsat thistime.
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Ontheother hand, during periodsof initial construction and future maintenance and
rehabilitation activities(i.e., work zone operation), vehicle operating cost, user delay, and crash
costscan be sgnificantly different between dternative pavement design strategies. Asaresullt,
this Technical Bulletin focuses primarily onwork zone user costs.

User Cost Rates

User cost rates, asused here, refer to the dollar values assigned to each user cost component.
User costsare cal cul ated by multiplying the quantity of the variousadditional user cost
components (VOC, delay, and crash) incurred by the unit cost for those cost components.

Additional VOCsare determined by multiplying the quantity of additional V OC components
(i.e., additional speed changes, stops, miles, hoursof idling) incurred by thedollar value
assigned to each V OC component. By the sametoken, user delay costsare determined by
multiplying theadditiona hoursof travel timeresulting from WZ-caused trafficdelay (or
additional milesof travel caused by detours) by thedollar value of an hour of delay for each
vehicleclassfication. Findly, theadditiond crash costsare determined by multiplying the number
of additional crashes(by type) by the appropriatedollar value assigned to each crash type.

Chapter 3 presentsdetailed proceduresto cal culate work zone user cost quantities of alternate
pavement design strategies, whilethe unit costs associated with each cost component are
discussed below.

VOC Rates

Table 5 of NCHRP Report 133, Proceduresfor Estimating Highway User Costs, Air
Pollution, and Noise Effects, can be used to determine V OC ratesfor stopping/speed
changesandidling, aswell asassociated delay timesfor stopping/speed changes. Thiswork is
based on the earlier work by Winfrey, Economic Analysisfor Highways.%* A compressed
version of NCHRP 133table5isreproduced astable 2.2.

Table 2.2 showsadditional hoursof delay and additional V OC associated with stopping 1,000
vehiclesfromaparticular speed and returning them to that speed. Different factorsare provided
for passenger carsand single-unit and combinationtrucks. In addition, thetableincludesa
vehicleoperating cost associated withidling while stopped. The cost factorsreflect 1970 prices
based on a $3 per hour va ue of timefor passenger vehiclesand $5 per hour for all trucks.

To makethesefactorsapplicableto current anaysis, the val ues shown have been escal ated to
reflect more current year dollars. Theescalation factor for VOC isdetermined by using the
trangportation component of the Consumer Price Index (CPl) for the baseyear (1970) and the
more current year (August 1996). Thetransportation component of the CPI was37.5in 1970,
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Table2.2. Added timeand vehiclerunning cost/1,000 stopsand idling costs (1970 $).

Added Time (Hr/1,000 Stops) Added Cost ($/1,000 Stops)
Initial (ExcludesIdling Time) (Excludes Idling Time)
Spged Pass Single-Unit | Combination | Pass | Single-Unit | Combination
(milh) | cars Truck Truck Cars Truck Truck
5 1.02 0.73 1.10 0.71 2.43 8.83
10 1.51 1.47 2.27 2.32 5.44 20.35
15 2.00 2.20 3.48 3.98 8.90 34.13
20 2.49 2.93 4.76 571 12.71 49,91
25 2.98 3.67 6.10 7.53 16.80 67.37
30 3.46 4.40 7.56 9.48 21.07 86.19
35 3.94 5.13 9.19 11.57 25.44 106.05
40 4.42 5.87 11.09 13.84 29.93 126.63
45 4.90 6.60 13.39 16.30 34.16 147.62
50 5.37 7.33 16.37 18.99 38.33 168.70
55 5.84 8.07 20.72 21.92 42.25 189.54
60 6.31 8.80 27.94 25.13 47.00 209.82
65 6.78 9.53 NA 28.63 51.43 NA
70 7.25 NA NA 32.46 NA NA
75 7.71 NA NA 36.64 NA NA
80 8.17 NA NA 41.19 NA NA
Idling Cost ($/Veh-Hr) 0.1819 0.2017 0.2166

Source: R. Winfrey, Economic Analysis for Highways, and table 5, NCHRP Report 133.
Added Cost ($/1,000 Stops) includes fuel, tires, engine oil, maintenance, and depreciation Idling Cost ($/\Veeh-Hr) includes
fuel, engineoil, maintenance, and depreciation.

and 142.8in August 1996. The V OC escal ation factor used to escalate 1970 pricesto August
1996 pricesis:

Escalation Factor = 142.8 (Aug 1996)
(VOC) 37.5 (1970)

The Added Cost per 1,000 Stops columnsintable 2.3, aswell astheldling Cogt, reflect the
adjusted values using the above 3.808 index to establish new August 1996 base year prices.

Thistableisdesgned to determine stopping cost, but it can al so be used to determine the speed
change cost, whichisadditional cost (VOC and delay) of dowing from one speed to another
and returning to the original speed. Speed change costsare cal culated by subtracting the cost
and timefactorsof stopping at one speed from the cost and timefactors of stopping at another
speed. For exampl e, table 2.4 showsthe speed change costs of going from 55 mi/hto 40 mi/h
and back to 55 mi/h.

=3.808

Mileage Rates

In additionto theseincremental VV OCsassociated with changesfrom norma operating
condition, thereisalso afundamental overall basalineV OC mileagerate associated with normal
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Table2.3. Added timeand vehiclerunning cost/1,000 stopsand idling costs (Aug 96 $).

. Added Time (Hr/1,000 Stops) Added Cost ($/1,000 Stops)
In';'e?jl (ExcludesIdling Time) (ExcludesIdling Time)
(%i/h) Pass | Single-Unit | Combination Pass | Single-Unit | Combination

Cars Truck Truck Cars Truck Truck

5 1.02 0.73 1.10 2.70 9.25 33.62

10 151 1.47 2.27 8.83 20.72 77.49

15 2.00 2.20 3.48 15.16 33.89 129.97

20 2.49 2.93 4.76 21.74 48.40 190.06

25 2.98 3.67 6.10 28.67 63.97 256.54

30 3.46 4.40 7.56 36.10 80.23 328.21

35 3.94 5.13 9.19 44.06 96.88 403.84

40 4.42 5.87 11.09 52.70 113.97 482.21

45 4.90 6.60 13.39 62.07 130.08 562.14

50 5.37 7.33 16.37 72.31 145.96 642.41

55 5.84 8.07 20.72 83.47 160.89 721.77

60 6.31 8.80 27.94 95.70 178.98 798.99

65 6.78 9.53 NA* 109.02 195.84 NA*

70 7.25 NA* NA* 123.61 NA* NA*

75 7.71 NA* NA* 139.53 NA* NA*

80 8.17 NA* NA* 156.85 NA* NA*
Idling Cost ($/Veh-Hr) 0.6927 0.7681 0.8248

*QOriginal datadid not provide values for trucks at higher speed. Analystswill need to extrapolate these values when
truck calculations are needed at these higher speeds.

Table2.4. Speed changecomputations.

Initial Added Time (Hr_/l,OO(_) Stops) Added Cost ($/_1,000_Stops)
Speed (Excludes Idling Time) (Excludes Idling Time)
(mi/h) Pass | Single-Unit | Combination | Pass | Single-Unit | Combination
Cars Truck Truck Cars Truck Truck
55 5.84 8.07 20.72 83.47 160.89 721.77
40 4.42 5.87 11.09 52.70 113.97 482.21
55-40-55 | 1.42 2.20 9.63 30.77 46.92 239.56

operating conditions. Typically thisisexpressed asan overal cents-per-milerate. Theserates
would typically apply to any additiona milesthat must bedriven because of detours.

Somereadily apparent valuesarethe marginal cost rates used by the Federal Government.
Federal travel regul ationsauthorizethe payment of $0.31 per milefor using privately owned
passenger vehiclesfor officiad government travel. Theflat mileageratealowed by theIRSfor
businessuse of aprivately owned passenger vehicleisal so $0.31 per mile (tax year 1996).
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Delay Cost Rates (Value of Time)

Of al of the user costsrates, the cost rate assigned to user delay (i.e., thevalue of time) isby
far themost controversia. Asaresult, the cost ratesfor user delay are discussed from several
perspectives. The sourcesused in thisInterim Technical Bulletininclude updated valuesfrom
earlier NCHRP research, recent guidance provided by the Office of the Secretary of
Trangportation (OST), and recently updated valuesused by the FHWA initsHighway
Economic Requirements System (HERS) Moddl.

Earlier Research Sudies

A base case value can be generated from the earlier NCHRP 133 report, which used 1970
dollar valuesof $3 per hour passenger vehiclesand $5 per hour for al trucks. Onceagain,
thesevalues must be escal ated to reflect more current/base year values.

Inthiscase, theescalation factor for thedollar value of timeisdetermined by using changesto
the All Items Component of the CPI for the base year (1970) and the more current year
(August 1996). The All Items Component of the CPl was 38.8in 1970 and 152.4 in August
1996. Thevalue of time escalation factor to escalate 1970 pricesto August 1996 pricesis.

Escaation Factor = 152.4 (Aug1996) = 3.928
(Vaueof Time) 38.8 (1970)

Table 2.5 showsthe updated value of time.

Table2.5. Updated NCHRP 133 valuesof time($Veh-Hr) (Aug 96 $).

Value Pass Trucks

of Time Cars | SingleUnit | Combination
Value 1970 $3.00 $5.00 $5.00
Factor 8/96 3.928 3.928 3.928
Vaue 8/96 11.78 19.64 19.64
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Table 2.6 showsmore recent work (1993) from the computerized MicroBENCOST program
developed under NCHRP Research Project 7-12, Microcomputer Evaluation of Highway
User Benefits, which uses 1990 base year default values. Thetableincludesanother escalation
factor to bring these 1990 base year coststo anew August 1996 baseyear. Onceagain, the
escaation factor for theva ue of timeiscal culated by dividing the August 1996 overa | CPI
(152.4) by the overall CPI for 1990 (130.7).

Escalation Factor = 152.4 (Aug1996) = 1.166
(Aug 1996) 130.7  (1990)

Table2.6. Updated MicroBENCOST default valuesof time($/Veh-Hr) (Aug 96 $).

Value of Pass Single-Unit Trucks Combination Trucks
Time Cars | 2 AX 12Kips | 3AX 35Kips | 252 40Kips | 3S2 63Kips
$13.64 $16.28 $20.30 $22.53
Value1990 | $9.75 $14.96 142
Factor 8/96 1.166 1.166 1.166
Vaue 8/96 | $11.37 $17.44 $24.98

Table 2.7 bringstogether the updated valuesfrom both the earlier NCHRP 133 and MicroBENCOST
reportsand showstheaverage va ues per vehicle hour for thethree vehicle classificationsin August
1996 dollars. Prior to using these val uesthe andysts shoul d escal ate their val uesto reflect current costs
usingasimilar approach.

Table2.7. Compositeearlier research valueof time ($/Veh-Hr) (Aug 96 $).

Updated Source pass - -Trucks —
Cars | Single-Unit | Combination
NCHRP 133 $11.78 $19.64 $19.64
MicroBENCOST 11.37 17.44 24.98
Average Value | $11.58 $18.54 $22.31

OST Approach

Recent guidance provided by the U.S. DOT OST tothevariousDOT modal administrations
isanother sourcethat can be used to determinethevaue of time. OST recommendsusing a
percentage of the national wageratefor theva ue of time. OST-recommended procedures
apply different percentagesof the nationa wagerate asafunction of vehicleclassificationand
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trip typeand purpose. Table 2.8 providesU.S. DOT rangesof the percentage of the national
wagerate that should be applied to various combinations of trip typeand purpose. Therates
shown are per person hour. Ascan be seenintable 2.8, businessand truck travel arevaued
morehighly than persond travel, and intercity persond travel isva ued morehighly thanloca

persond travel.

Table2.8. Travel timerangesasa per cent of national wagerate (1995 $/Per son-Hr).

Travel Trip Type
Category L ocal I ntercity
Personal 35 to 60% 60 to 90%
Business 80 to 120% 80 to 120%
Truck Drivers 100% 100%

U.S. DOT, The Value of Travel Time: Departmental Guidance for
Conducting Economic Evaluations.

Table2.9 providesinformation on nationa hourly wageratesused by OST in 1995 dollars.

Table2.9. OST -recommended hour ly wager ates (1995 $/Per son-Hr).

Trave Trip Type
Category L ocal I ntercity
Personal $17.00 $17.00
Business 18.80 18.80
Truck Drivers 16.50 16.50

U.S. DOT, The Value of Travel Time: Departmental Guidance for
Conducting Economic Evaluations.

Based on theinformation on appropriate percentages provided intable 2.8 and the
recommended national hourly wagerate provided intable 2.9, the OST devel oped the
recommended rangesfor thevaueof travel timeshownintable2.10. Theval uesassociated
with Mixed are the rangesto be used when the distributi on between auto busi ness and personal
tripsisnot known. Hourly values shown for trucksare $16.50 for both local and intercity trip

types.

Table 2.10liststherangesof valuesin dollars per person hour. Asmost user delay analyses
compute vehicle hoursof delay, these values must be adjusted for vehicle occupancy rates.

Table2.10. Rangesfor hourly valuesof travel time (1995 $/Per son-Hr)

Trave Local Intercity
Category L ow High L ow High
Personal $6.00 $10.20 $10.20 $15.30
Business 15.00 22.60 15.00 22.60
Mixed 6.40 10.70 10.40 15.70
Truck Drivers 16.50 16.50 16.50 16.50

U.S. DOT, The Value of Travel Time: Departmental Guidance for Conducting
Economic Evaluations.
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According to the 1990 Personal Transportation Survey, typical auto vehicle occupancy rates
for personal travel are 1.7 inurban areasand 2.0 inrurd areas.*? Thetypical vehicle
occupancy ratesfor trucksand auto businessuseismuch closer to 1.0.

FHWA Highway Economic Requirements System (HERS) Model

The FHWA usesthe HERS Modd in conducting nationa-level anaysisof highway
performance, needs, and economic evaluation of proposed highway improvements. Part of the
economic analysisincludesdetermining thevalue of travel timedelay. Table2.11 showsthe
default dollar valuesof travel timeusedinthe HERS modd.

Table2.11. Value of onevehiclehour of travel time (1995 $).

Autos Trucks

Trave

Category | small | Medium Single-Unit Combinations

A4Tire | 6Tire | 3-4Axle | 4Axle | 5Axle
Business $27.99 $28.29 $20.20 $24.96 $27.02 $31.02 $31.58

Personal 12.78 $12.78 $12.78 NA NA NA NA
% AADT 0, 0, 0, 0, 0, 0, 0,
Personal Use 90% 90% 69% 0% 0% 0% 0%
Weighted

$14.30 $14.33 $15.08 | $24.96 $27.02 $31.02 $31.58

Average

FHWA Highway Economic Requirements System Technical Report v3-1 9/97 (Exhibit 8-7).

Thevaluesof travel timeshownonlines1and 2 of table2.11 are per vehicle hour based on
typical vehicle occupancy rates. The valuesassociated with % AADT Personal Useonline3
represent the percent of travel that ispersonal. The Weighted Averagevaluesshownonline4
arefor mixed flow of businessand personal travel and areused whentraffic flow distribution by
travel category isnot known. Thevauesshownfor trucksaresignificantly higher than either
early research study or the OST guidance. Part of the higher cost (approximately 30 percent) is
attributableto val ue associated with the vehicle cargo and the vehicleitself.

Toll Roads

Finally, another sourcethat can be used to estimate the dollar valuesof timeincludestollsontoll
roadsinrelationtotimesaved. Oneof themoreinteresting revelationsof users willingnessto
pay comesfrom thetrestment of someHigh Occupancy Vehicle(HOV) facilitiesin California
and Texas. Both Statesare experimenting with High Occupancy Toll (HOT) facilities, which
alow Single Occupancy Vehicles(SOV) tousean HOV facility for afee. These studiesdesl
primarily withlocal auto tripsand to some extent may reflect market prices. Whilethevalues
inferred from such studiestend to indicate lower values of time (approximately $6 per person
hour), they may inredlity reflect inefficient pricing policy rather than lower values.
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Recommended Values of Travel Time (Dollars per \ehicle Hour)

Table2.12 below isacompositetablethat bringstogether the severa sourcesof thevalue
of timeprevioudy discussed.

Table2.12. Compositelisting of travel timevalues.

Source Units Autos Trucks Combination
U.S.DOT —OST * | $/Person-Hr $10.80 $16.50 $16.50
MicroBENCOST $/Veh-Hr 11.37 17.44 24.98
NCHRP $/Veh-Hr 11.78 19.64 19.64
HERS $/Veh-Hr 14.30 25.99 31.30

* Valuesfor U.S. DOT — OST reflect dollars per person hour

Based on consideration of these potential sources, table 2.13 reflectstherangesof thevalue
of travel time per vehiclerecommended for useintypical anayseswheredistribution data
ontrip purpose and type are not known.

Table2.13. Recommended valuesof time($/Veh-Hr)(Aug 96 $).

Trucks

Passenger Cars - X .
Single-Unit Combinations

$10to 13 $17t0 20 $21t0 24

Crash Cost Rates

TheMicroBENCOST software package, devel oped for the NCHRP Research Project 7-
12, includesdefault crash cost rates. Table 2.14 showsthe default crash cost ratesby crash
typefor both rural and urban settingsin 1990 dollars.

Table2.14. MicroBENCOST default crash cost rates($1,000, 1990 $).

. Nonfatal Property Damage

I nter section or Fatality Injury gmyy(pDO) o

Facility T

acility Type Rural Urban | Rural Urban Rural Urban
RR Grade Crossing $1,008 $994 $25.2 $13.3 $1.59 $3.09
Intersection/Interchange 1,059 932 21.9 14.3 1.98 135
Bridge 1,111 978 24.9 14.3 2.14 1.27
Highway Segment 1,111 978 24.9 14.3 214 1.27
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TheMicroBENCOST 1990 dollar default valuesshownintable 2.14 are escal ated to August
1996 dollarsintable 2.15 using the 1.116 escal ation factor developed earlier.

Table2.15. MicroBENCOST default crash cost rates($1,000, Aug 96 $).

I ntersection or Fatality Nonfatal Injury PDO
Facility Type Rural Urban Rural Urban Rural Urban
RR Grade Crossing $1,125 $1,109 | $28.1 $14.8 $1.77 $3.45
Intersection/Interchange 1,182 1,040 24.4 16.0 2.21 1.51
Bridge 1,240 1,091 27.8 16.0 2.39 1.42
Highway Segment 1,240 1,091 27.8 16.0 2.39 1.42

* Valuesfor U.S. DOT-OST reflect dollars per person hour

TheMicroBENCOST default cost valuesfor afatality rangefrom $1,091,000to $1,182,000,
whichisquiteabit lower than the $2,700,000 cost per fatality averted, whichwas
recommended by theU.S. DOT initsMarch, 14, 1995 memorandum from the Assistant
Secretary for Transportation Policy to DOT Modal Administrators. This$2,700,000 valueisan
update of thevalueoriginally recommended in basi ¢ guidance di stributed on January 8, 1993.

Inadditionto thetraditiona direct work zone user costs, thereareindirect user costssuch as
theimpact of user delay on ddlivery fleet size, the costsassociated with arolling inventory, and
other, indirect effectsof delay to manufacturing plantsthat now dependent onjust-in-time
ddivery. While such factorswill become moreimportant over time, they are beyond the scope
of theseguidedlines. Itisinteresting to note that cost rel ated to delivery fleet sizeand the costs
associated witharollinginventory areincludedin thedollar value of delay timeratesused inthe
FHWA HERSModel.

DEVELOPEXPENDITURE STREAM DIAGRAMS
Expenditure stream diagramsare graphical representationsof expendituresover time. They are

generally devel oped for each pavement design strategy to help visualize the extent and timing of
expenditures. Figure 2.4. showsatypica expenditure stream diagram.

A Initial

Construction

Rehabilitations

Cost ($)

-

A

Analysis Period —————®

v

Time Salvage Value

Figure2.4. Typical expenditurestream diagram for a pavement design alter native.
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Normally, costs are depicted asupward arrows at the appropriate time they occur during the
analysisperiod, and benefits are represented as negative cost or downward arrows.

InLCC anadysisof pavement design alternatives, the bas ¢ benefitsof providing and maintaining
some preestablished pavement condition level on any given roadway are outsidethe scope of
theanalysis. The benefitsof providing the specified level of pavement condition are considered
to bethesamefor al pavement design strategies. Asaresult, theonly concernsarethe
differential costsamong dternatives. The only negative cost (i.e., theonly downward arrow)
would bethe cost associated with any salvagevalue.

Under these conditions, the LCCA objective becomesfinding the alternative pavement design
strategy that meetsthe performancerequirementsat thelowest life-cycle cost.

COMPUTE NET PRESENT VALUE (NPV)

Initsbroadest sense, LCCA isaform of economic analysisused to evaluate thelong-term
economic efficiency between dternativeinvestment options. Economic analysisfocusesonthe
relationship between costs, timingsof costs, and discount ratesemployed. Onceall costsand
their timing have been devel oped, future costs must be discounted to the base year and added
totheinitial cost to determinethe NPV for the LCCA dternative. Asnoted earlier, NPV isthe
economicindicator of choice, and thebasic NPV formulafor discounting discretefuture
amountsat various pointsin timeback to somebaseyear is:

N
NPV = Initial Cost+2RehabCostk[ L - }
k=1 @+i)™

where: i = discount rate and
n = year of expenditure

The [ ] component of the above formulaisreferred to asthe Present Value (PV)

(A+i)™
factor for asinglefutureamount. PV factorsfor various combinationsof discount ratesand
futureyearsareavailablein Discount factor tables (morecommonly referred to asinterest rate
tables). PV for aparticular futureamount isdetermined by multiplying thefutureamount by the
appropriate PV factor. Table 2.16 showsdiscount factorsfor asinglefuture payment at 3, 4,
and 5 percent discount ratesfor up to 40 yearsin thefuture.
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Table2.16. Present valuediscount factors: singlefuturepayment.

Discount Factor Discount Factor
Y ear 3% 4% 5% Y ear 3% 4% 5%
1 0.9709 0.9615 0.9524 21 0.5375 | 0.4388 | 0.3589
2 0.9426 0.9246 0.9070 22 0.5219 0.4220 | 0.3418
3 0.9151 0.8890 0.8638 23 0.5067 0.4057 | 0.3256
4 0.8885 0.8548 0.8227 24 0.4919 0.3901 | 0.3101
5 0.8626 0.8219 0.7835 25 0.4776 0.3751 | 0.2953
6 0.8375 0.7903 0.7462 26 0.4637 0.3607 | 0.2812
7 0.8131 0.7599 0.7107 27 0.4502 0.3468 | 0.2678
8 0.7894 0.7307 0.6768 28 0.4371 0.3335 | 0.2551
9 0.7664 0.7026 0.6446 29 0.4243 0.3207 | 0.2429
10 0.7441 0.6756 0.6139 30 0.4120 | 0.3083 | 0.2314
11 0.7224 0.6496 0.5847 31 0.4000 | 0.2965 | 0.2204
12 0.7014 0.6246 0.5568 32 0.3883 0.2851 | 0.2099
13 0.6810 0.6006 0.5303 33 0.3770 | 0.2741 | 0.1999
14 0.6611 0.5775 0.5051 34 0.3660 | 0.2636 | 0.1904
15 0.6419 0.5553 0.4810 35 0.3554 | 0.2534 | 0.1813
16 0.6232 0.5339 0.4581 36 0.3450 | 0.2437 | 0.1727
17 0.6050 0.5134 0.4363 37 0.3350 | 0.2343 | 0.1644
18 0.5874 0.4936 0.4155 38 0.3252 0.2253 | 0.1566
19 0.5703 0.4746 0.3957 39 0.3158 0.2166 | 0.1491
20 0.5537 0.4564 0.3769 40 0.3066 0.2083 | 0.1420

NPV Computations

Example NPV computationsare provided for thefollowing hypothetical problem. Theexample

isbased on a35-year analysisperiod.

Theinitia pavement designwill cost $1.1 million and have an associated work zone user cost of
$300,000 at year 0. Additional rehabilitation cost of $325,000will beincurredinyears15and
30. Associated work zone user costsin years 15 and 30 will be $269,000 and $361,000,

respectively. Thesalvagevalueat year 35, based on aprorated cost of theyear-30

rehabilitation design and remaining life, will be $216,000 (10/15 of $325,000). Figure2.5
showsthe expenditure stream diagram for the exampl e problem.
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Figure2.5. Expenditurestream diagram for agency and user costs.



Notethat estimated user costsdrop inyear 15 and go back up inyear 30. Thisisconsistent
with alonger durationinitial work zonefollowed by short duration rehabilitation work zones
impacted by continually increasing traffic volumesover time. Table2.17 showstheresultsof
PV computationsusing 4 percent PV factorsfor singlefutureamountsfor theexample
expenditure stream diagram. The bottom line of table 2.17 showsthe NPV of the aggregated
individua PV's.

Table2.17. NPV calculation using 4 per cent discount ratefactors.

o Costs Discount Discounted
Cost Component Activity Years ($1,000) Factor Cost ($1,000)
Initial Construction 0 1,000.0 1.0000 1,000
Initial Work Zone User Cost 0 300.0 1.0000 300
Rehab #1 15 325.0 0.5553 180
Rehab #1 Work Zone User Cost 15 269.0 0.5553 149
Rehab #2 30 325.0 0.3083 100
Rehab #2 Work Zone User Cost 30 361.0 0.3083 111
Salvage Vaue 35 -216.6 0.2534 -55
Total NPV 1,785

ANALYZERESULTS

Oncecompleted, al LCCA should, at aminimum, be subjected to asensitivity anayss.
Sengitivity analysisisatechnique used to determinetheinfluence of mgor LCAA input
assumptions, projections, and estimateson L CCA results. Inasenstivity analysis, major input
vauesarevaried (either within some percentage of theinitial valueor over arange of values)
whileall other input valuesremain constant and the amount of changeinresultsisnoted. The
input variablesmay then beranked according totheir effect onresults. Sengtivity analysis
alowstheanalyst to subjectively get afed for theimpact of thevariability of individual inputs
onoverall LCCA results.

Many timesasensitivity analysiswill focuson best case/worst case scenariosin an attempt to
bracket outcomes. Most LCC sengitivity anays's, asaminimum, eval uate theinfluence of the
discount rate used on LCCA results.
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Senditivity analysesmay be carried out using common spreadsheet-based applicationssuch as
Microsoft Excel, Lotus, or Quattro Pro. Tables2.18 and 2.19 present the results of aspreadsheet
analysisof thesengitivity of NPV of two example pavement design strategiesto discount rate
rangesfrom 2to 6 percent for a35-year analysisperiod. Total NPV at discount ratesranging
from 210 6 percent are shown at the bottom of columns(e) through (i).

Table2.18. Sensitivity analysis—Alter native#1.

NPV

Activity Year | Cost | 20% | 3.0% | 40% | 50% | 6.0%
€) (b) (©) (e () (9) (h) ()
Construction 0 975 975 975 975 975 975
User Cost 0 200 200 200 200 200 200
Rehab #1 10 200 164 149 135 123 112
User Cost # 1 10 269 220 200 182 165 150
Rehab # 2 20 200 135 111 91 75 62
User Cost # 2 20 361 243 200 165 136 113
Rehab # 3 30 200 110 82 62 46 35
User Cost # 3 30 485 268 200 150 1,122 85
Salvage 35 -100 -50 -36 -25 -18 -13

Total NPV 2,266 | 2,081 | 1,934 | 1,815 | 1,718

Table2.19. Sengitivity analysis—Alter native#2.

NPV

Activity | Year | Cost | 2.0% | 3.0% | 40% | 50% | 6.0%
@ () | (9 (€) (f) (9) (h) (i)

Construction [ 0 [ 1,00 | 1,100 | 1,100 | 1,100 | 1,100 | 1,100
User Cost O [ 300 | 300 | 300 | 300 | 300 [ 300
Rehab #1 15 | 325 | 241 | 209 | 180 | 156 | 136
UserCost#1 | 15 | 269 | 200 | 173 | 149 | 129 | 112
Rehab # 2 30 | 325 | 179 | 134 | 100 | 75 57
UserCost#2 | 30 | 361 | 199 | 149 [ 111 | 84 63
Salvage 35 | -217 | 108 | -77 | 55 | -39 | -28

Total NPV 2,112 | 1,987 | 1,886 | 1,805 | 1,739

Alternative#1 hasalower initia agency cost, and, because of ashorter construction period, a
lower user cost than Alternative#2. However, Alternative#1 requiresthreeidentical 10-year
design rehabilitations compared to two identica 15-year design rehabilitationsfor Alternative#2.

Out-year user costsfor Alternative#l increaseasaresult of increased traffic levelsover time;

out-year user costsfor Alternative#2 first decrease dueto ashorter work zone period and then
increaseasaresult of increased traffic levelsover time.

28



Both dternativeshavearemaining servicelifeat year 35; Alternative#1 has5yearsand
Alternative#2 has 10 years. The salvagevalue, asaprorated share of thelast rehabilitation, is
50 percent (5 yearsremaining on al10-year design) of itslast rehabilitation cost for Alternative
#1. For Alternative#1, thistrand atesinto 50 percent of the $200,000 year-30 rehabilitation
cost. Thesalvagevaueof Alternative#2, onthe other hand, is66.6 percent (10 years
remaining on al5-year design) of itslast rehabilitation cost. Thistrand atesinto 66.6 percent of
the $325,000 year-30 rehabilitation cost.

Table2.20 showsadirect comparison of the NPV of both aternativesat severa discount rates.
Inspection of table 2.20 reved sthat the NPV of both aternatives decreases asthe discount
rateincreases. Thisresultsfrom thereduced present va ue of future costsat higher discount
rates. Because the amount and timing of future costsdiffer between alternatives, the effect of
discount rateon NPV isdifferent for each dternative. Inthisexample, Alternative#1lismore

Table2.20. Comparison of alter native NPV's($1,000) to discount rate.

o Discount Rate (%)
Activity
20 3.0 4.0 5.0 6.0
Total NPV Alternative #1 2,266 | 2,081 | 1,934 | 1,815 | 1,718
Total NPV Alternative #2 2,112 | 1,987 |1,886 | 1,805 | 1,739
Cost Advantage Alt #2 vs #1 154 94 48 10 -21

expensivethan Alternative#2 at discount rates of 5 percent and lower, while Alternative#2is
more expensivethan Alternative#1 at discount rates of 6 percent or more. Figure 2.6 shows
theseresultsgraphicaly.

Sensitivity to Discount Rate

2,400
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2,200 ~
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2,000
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1,800 1\?
1,700

1,600

—e—Alt-1

—m— Alt-2

Total NPV

2.0% 3.0% 4.0% 5.0% 6.0%

Discount Rate

Figure2.6. Sengitivity of NPV todiscount rate.
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Table2.21 separates agency and user cost differencesfor the samerange of discount rates.
Inspection of thetable 2.21 revea sthat Alternative#2 hasahigher agency cost than Alternative
#1 at dl discount rates considered. Further, Alternative#2 haslower user cost than Alternative
#1 at al discount rates considered.

Table2.21. Senditivity touser cost and discount rate.

Discount Rate, %
Cost Component

2.0 3.0 4.0 5.0 6.0
Alternative #1 Agency Cost 1,334 1281 | 1,238 | 1,201 | 1,171
Alternative #2 Agency Cost 1,413 1,366 | 1,326 | 1,292 | 1,264
Agency Cost Advantage Alt #2 vs#1 -79 -85 -88 -91 -93
Alternative #1 User Cost 932 800 696 613 547
Alternative #2 User Cost 699 621 561 513 475
User Cost Advantage Alt #2 vs#1 233 179 135 100 72
Incremental Benefit/Cost (#2 vs#1) 2.95 211 1.53 1.10 0.77

Thedecisiontoincludeor excludeuser costscan significantly affect theLCCA results. Inan
effort to put the agency and user costsin perspective, the bottom row of table2.21 includesan
incremental B/C comparison of thereduction in user costsasafunction of increased agency
costs. Theincremental B/C datain table 2.21 iscomputed by dividing thereductionin user
costs(i.e., benefits) associated with selecting Alternative#2in lieu of Alternative#1 by the
added agency cost(s) associated with selection of Alternative#2.

Similar sengitivity analyses could be conducted using other input variables such asagency cog,
user costs, pavement performancelives, and hourly dollar value of user delay.

Inadditionto conducting asengitivity analys's, theanayst should examinetheimplicationsof
contractor work hourson queuing costsaswell asthe antici pated maximum queue lengthsand
delay times. Chapter 3 detail squeuelengths and discusses associ ated user costs.

A primary drawback of the sengitivity analysisisthat theanalysisgivesequa weight to any input
valueassumptions, regardlessof thelikelihood of occurring. In other words, the extreme values
(best case and worst case) are given the samelikelihood of occurrence asthe expected value—
whichisnot redlistic. Chapter 4 presentsapowerful anaytica techniqueto overcomethis
limitation.
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REEVALUATE DESIGN STRATEGY

Oncethe net present val ues have been computed for each dternativeand limited sengitivity
analysisperformed, the anayst needsto step back and reeval uate the competing design
strategies. Asnoted in chapter 1, the overal benefit of conducting alife-cycle cost analysisis
not necessarily the L CCA resultsthemsel ves, but rather how the designer can usethe
information resulting from theanaysisto modify the proposed dternativesand develop more
cost-effectivestrategies.

For example, if user costsdwarf agency costsfor dl theaternatives, theanalysismay indicate
that noneof theadternativesanayzed areviable. It could indicate that the designer needsto
evaluatethe current design strategies impactson future maintenanceof traffic. . . that the
design strategies should reflect the need for additional capacity inthe out-yearsto mitigatethe
impact on highway users. The solution to out-year capacity problemscould include enhanced
structural design of the shouldersin early-year pavement designsto alow for theuse of the
shoulder in subsequent rehabilitation traffic control plans. It dso could include enhanced
structura design of themainline pavement to minimizethefrequency of subsequent rehabilitation
effortsand designingin featuresthat will make future rehabilitation proceed more smoothly.
Other optionsavailableincluderevising the maintenance of traffic plans, reducingthe
congtruction period, restricting the contractor’swork hoursor imposing lanerental fees,
planning for additional |anes/routes, and even examining programsto temporarily shifttrafficto
aternative modesof travel. It isimportant to note that restricting the contractor’shours of
operation or thenumber of work daysallowed will morethan likely increase agency cost.

L CCA resultsarejust one of many factorsthat influence the ultimate sel ection of apavement
design gtrategy. Thefina decision may includeanumber of additiond factorsoutsdethe LCCA
process, such aslocal palitics, availability of funding, industry capability to perform therequired
congtruction, and agency experiencewith aparticular pavement type, aswell asthe accuracy of
the pavement design and rehabilitation models. Chapter 3 of the 1993 AASHTO Pavement
Design Guidefurther discusses such other factors.*® When such other factorsweigh heavily
inthefina pavement design salection, it isimperativeto document their influenceon thefinal
decison.

Many assumptions, estimates, and projectionsfeed the LCCA process. Thevariability

associ ated with theseinputs can have amgj or influence on the confidencethe analyst can place
in LCCA results. It all depends on the accuracy of theinputsused. The accuracy of LCCA
resultsdependsdirectly ontheanayst’sability to accurately forecast such variablesasfuture
costs, pavement performance, and traffic for morethan 30 yearsinto thefuture. To effectively
deal with the uncertainty associated with such forecasts, aprobabilistic risk anaysisapproach
(aspresented in chapter 4) isincreasingly essentia to quantitatively capturethe uncertainty
associated with input parametersin LCCA results.
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CHAPTER 3. WORK ZONE USER COSTS

Thischapter presentsarational, step-by-step procedureto alow theanalyst, based on capacity
flow analysis, to determine user costs associated with establishing awork zone. Chapter 2
discussed user cost rates. This chapter focuses on cal culating the quantity associated with each
of theindividual user cost components (VOC, user delay, and crashes) and computing overal
user costsin aspreadsheet environment. The chapter endswith adiscussion of automated
computer programs.

Whilethere are microcomputer-based user cost analysis software programscurrently available,
itisimportant that the anayst thoroughly understand the principlesinvol ved before attempting to
apply them. By understanding the mgjor factorsinfluencing work zone user costs, theanayst
can take stepsto minimizethe effect of planned futurerehabilitation activitieson highway users.

WORK ZONE USER COSTS

Work zone user costsaretheincreased VOC, delay, and crash coststo highway usersresulting
from construction, maintenance, or rehabilitation work zones. They areafunction of thetiming,
duration, frequency, scope, and characteristics of thework zone; the volume and operating
characteristics of thetraffic affected; and thedollar cost ratesassigned to vehicle operating,
delay, and crashes. Thefollowing sectionsaddress each of theseissues.

Intheend, user costsare computed by multiplying the quantity of additional VOC, delay, and
number of crashesby the unit cost rates assigned to these components.

WORK ZONE DEFINED

Work Zoneisdefined inthe Highway Capacity Manual (HCM) asan areaof ahighway
where maintenance and construction operationsimpinge on the number of lanesavailableto
traffic or affect theoperational characteristicsof traffic flowing through the area. ¥

Eachwork zone established over theanaysis period affectstraffic flow and associated user
costsdifferently and must be evaluated asaseparate event. A separate work zone must be

defined and analyzed whenever characteristics of thework zone or the characteristics of the
affectedtraffic change.

Pavement design performance differencesdirectly affect thefrequency and timing of

mai ntenance and rehabilitation activities. Pavement rehabilitation and maintenance activities
generdly occur a different pointsintheandysisperiod with different traffic, and they generaly
vary in scope and duration. Thetimethat they occur a so affectstheinfluence of the discount
factor usedin developing NPV.
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WORK ZONE CHARACTERISTICS

In order to anayzework zone user costs, work zone characteristics associated with alternative
designsand supporting maintenance and rehabilitati on strategies must be defined as part of the
development of dternative pavement design strategies. Alternative pavement preservation
strategies must include how often (the number of times) thefacility will beunder construction,
mai ntenance or rehabilitation activities, and theyear at which work zonesare anticipated.
Strategies should a so include estimates of the number of daysthework zonewill last, the hours
of theday thework zonewill bein place, and the anticipated maintenance of traffic strategy.

Work zone characteristics of concern include such factorsaswork zonelength, number and
capacity of lanesopen, duration of lane closures, timing (hoursof the day, days of theweek,
season of theyear, etc.) of lane closures, posted speed, and the avail ability and physical and
traffic characterigticsof dternativeroutes. Thestrategy for maintaining traffic shouldincludeany
anticipated restrictions on contractor’sor maintenanceforce’ shours of operationsor ability to
establishlaneclosures. Specific detailsinan LCCA shouldinclude:

e Projected year work zonesoccur (years5, 8, 12, etc,).
o Number of daysthework zonewill bein place (construction period).

e Specifichoursof each day, aswell asthe daysof theweek thework zonewill bein
place.

e Work zonelength and posted speed.

Theduration of awork zone (the overdl length of timeafacility or portion of afacility isout of
serviceor trafficisrestricted) can rangefrom sporadic daily lane closuresfor maintenanceto
severa monthsfor bridge deck replacements.

Asnoted earlier, the differential routine maintenance cost between dternative pavement design
strategiestendsto beinsgnificant when compared toiinitia construction and rehabilitation costs.
Toagreat extent, the sameistrue of user costsresulting from routine reactive-type maintenance
activities. Routine mai ntenancework zonestend to bereatively infrequent, of short duration,
and outside of peak traffic flow periods. Assuch, anaysts should focus attention on user costs
associated with mgjor work zones.

TRAFFICCHARACTERISTICS

User costsaredirectly dependent on the volume and operating characteristicsof thetrafficon
thefacility. Each construction, maintenance, and rehabilitation activity generally involvessome
temporary effect ontraffic using thefacility. Theeffect can vary frominsignificant for minor work
zoneredtrictionsonlow-volumefacilitiesto highly significant for mgjor lane closureson high-
volumefacilities
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Themajor traffic characteristics of interest for each year awork zonewill be established include:
(2) theoverd| projected Average Annual Daily Traffic (AADT) volumeson both thefacility and
possibly aternateroutes, (2) theassociated 24-hour directional hourly demand distributions,
and (3) thevehicleclassification distribution of the projected traffic streams. On high-volume
routes, distinctions between weekday and weekend traffic demand and hourly distributions
becomeimportant. Further, seasonal AADT traffic distribution aso becomesimportant when
work zones are proposed on recreational routes during seasonal peak periods.

AADT

Current AADT volumesarenormally readily availablefor the base year and projected
compound traffic growth rates can be obtained from the SHA traffic monitoring section. From
thesetwo piecesof information, calculating futureyear work zone AADT isrelatively smple.

Whilethecalculationsfor futureyear AADT arerather straightforward, there aretwo mgjor
Issues associ ated with the reasonabl eness of such projectionson high-volumeurbanfacilities.
Thefirstiswhether theroadway in question can handlelarge projected volumeincreases, the
secondiswhether traffic using afacility will continueto useit whenwork zones are established
andtrafficflow isrestricted.

Inthefirstissue, design capacity and ultimate capacity arequitedifferent. Design capacity is
generaly set to handlethe design year 30 highest hour volumeat leve of serviceD or E.
However, table 2.1 of the HCM shows measured maximum 24-hour traffic volumesfor some of
themoreheavily traveled interstate urban freewaysthat far exceed thetraffic volumesnormally
associated with level of service D or E. Reasonablenessdictatesthat AADT projectionsshould
not exceed the maximum observed 24-hour traffic volumescontained intable 2.1 of theHCM.

The next section di scussesthe second i ssue, which rel atesto whether traffic using afacility will
continueto useit whenwork zonesare established and traffic flow isrestricted.

TrafficDiversion

Traffic demand isgenerally determined based onfacility operating characteristicsduring periods
of normal operations. Traffic demand during work zone operationsmay or may not bethe same.
Some portion of thetraffic normally wanting to use thefacility may divert to other routeswhen
work zonesare established.

Vehiclesuseagivenfacility becauseit offerswhat the vehicle operators percelve astheleast
expens ve combination of vehicle operating and time delay costs, cons stent with safety
requirements. When faced with restricted flow, or even the anticipation of restricted flow,
vehicleoperatorswho normally useafacility will exerciseoneof severa options, whichare
somewhat whimscally categorized below.

Hang Tougherswill continueto usethefacility asthey dwayshave. They are primarily users
withlittleor no option. They (1) must makethetrip; (2) must makeit at aspecifictime; and (3)
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either don’t know or don’t have aternative routes or modesfrom whichto choose. Theseusers
pay thefull price of thework zoneand havelittle effect on other facilitiesinthecorridor. Inrurd
areasthe predominate choice of through traffic will betotoughit out, astheseusersgeneraly
must makethetrip and do not have much information on aternative routesunlessformal detours
areestablished.

Time Shiftershavetheability and chooseto travel onthefacility at adifferent time— generaly
atimewell outside of therestricted flow period. These userslessen their impact by sharing the
impact with other vehiclesby invading their timedot. These usersa so havelittle effect on other
highway facilitiesinthe corridor, but they do affect hourly traffic distribution.

Detoureeseither seek out and use alternate routes or are forced to negotiate detours
established by the highway agency. These operatorsa solessen their impact by sharing the
impact with other vehiclesby invading their routes. They tend to trade of f anticipated time
delay for additional travel distancesand associated vehicle operating costs. In urban areasthis
couldinclude userswho switch modes. Detourees can have significant impact on overal user
costsof dternativeroutes, especially those operating at or near capacity. The sectionson
Circuitry (page 69) and Crash Costs (page 70) address the additional user costs associated
with theadditiona mileagetraveled by detoured and diverted traffic.

Trip Swappershavetheluxury of totally abandoning thetrip or seeking other destinationswhen
the cogt, intermsof time and money, becomestoo great. Historically, thisgroup consists
primarily of shopping and socid/recreationd trip makers. Whiletheir behavior may diminishthe
user cost impact of thework zone, they adversely affect businessesalong theroutein question.
Morerecent trendsin peopleworking out of the homeand tel ecommuting may significantly
affect work tripsinthefuture.

Handling Diversion

In simple cases, where either work zonedisruptionistolerable or dternativeroutesare limited,
estimated AADT during the year of thework zone can be antici pated to continue on thefacility
andthework zoneandysiscan belimitedto theexisting facility.

In more complex Situationswhere existing traffic would face intol erablework zonedisruptions, it
isentirely possiblethat total travel demand and hourly distribution on thefacility may change
when thework zoneis established. When demand changes, the scope of work zone user cost
analysismay haveto expand beyond the existing facility and include user cost changeson mgjor
aternativeroutes. When preliminary analysisof travel demand showsthat work zone user
delaysare unreasonably high, theanayst should seek specia help fromthetraffic engineering
section to generate revised traffic demand forecasts during work zone operations.

Anadyternative approach isto assumethat those extraordinary user costsaretruly there, and
timeand route shiftersaremerely diminishing their effect by sharing the costswith usersof other
routesandtimedots. In short, themisery’still there— it’ sjust being shared differently.

36



VehicleClassification

Highway user costsareacomposite of the costsof all affected highway users. Highway users
arenot ahomogeneousgroup. They includecommercial and noncommercid vehiclesranging
from passenger vehiclesthrough the heaviest trucks. Thesedifferent vehicletypeshavedifferent
operating characteristicsand associated operating costs. Further, thevalueof user delay differs
between vehicleclasses. Asaresult, user costs need to be analyzed for each mgjor vehicleclass
present inthetraffic stream.

Therearemany truck-vehicle classficationsrepresenting various size and wel ght configurations.
Appendix A of the FHWA Traffic Monitoring Guide, includes 13 different vehicle
classifications”® User cost anaysisbased on 13 vehicleclassesismuch too detailed for the
level of sophidticationintheanaysisprocedurespresented.

A morereasonable approach isto usethree broad vehicle classes:

1. Passenger carsand other 2-axle, 4-tired passenger vehicles(classification types 1-3)
2. Single-unit trucks, 2-axle, 4-tired or more commercial trucks(classfication types4-7)
3. Combination-unit trucks(classficationtypes8-13)

Onhightrafficvolumefacilities, user delay costsarelikely torepresent avery significant
component of overall user costsinapavement desgn LCCA, particularly when vehicle demand
exceeds capacity. Aspassenger vehiclesrepresent the bulk of vehiclesinthetraffic stream,
analystsmay find it beneficia to subdivide passenger vehiclesinto commercia and
noncommercia categories. Further, although vehicle occupancy rateshave consistently falen
over time, they cannot generaly beignored.

Directional Hourly Traffic Distribution

Theegtimated hourly traffic distribution during work zone operationsisessentia to comparethe
unrestricted demand onthefacility with thefacility’sability to carry that traffic through thework
zone. Hourly distribution specificto aparticular facility can be devel oped from agency traffic
dataor generd distribution datadevel oped for variousfunctional class- and area-type
combinations. On high-volume or tourist destination routes, the difference between weekday
and weekend traffic volumesand hourly distributions needsto be considered.

Table 3.1 representsdefault directiona hourly distributionsfor Urban and Rural roadways
includedinMicroBENCOST. Thetablea soincludeshourly directiona distribution factors
associated with inbound and outbound directions. The hourly demand iscomputed by
multiplyingthe AADT by the hourly percent and directional factorsfor thedirectioninquestion.

Hourly Demand=AADT x Hourly Distribution Factor x Hourly Directiond Factor
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Table3. 1. Default hourly distributionsfrom MicroBENCOST (all functional classes).

Hour Rural Urban
(24-Hr | op |Direction%| o4 |Direction %
Clock) | ADT ["1n [ out |ADT[ In | Out
18 48 52 12 | 47 53
15 | 48 | 52 | 08 | 43 57
13 | 45 | 55 | 0.7 | 46 54
13 | 53 | 47 | 05 | 48 52
15 | 53 | 47 | 0.7 | 57 | 43
18 | 53 | 47 | 1.7 | 58 | 42

o
I

(N[ W|IN|F
|
Ol N|OO|(O|BAR|W|IN|F

- 2.5 57 | 43 | 51 | 63 37
- 35 56 | 4 | 7.8 | 60 40
- 4.2 56 | 4 | 6.3 | 59 41
9-10 | 50 54 | 46 | 52 | 55 45
10-11| 54 51 | 49 | 47 | 46 54
11-12 | 56 51 | 49 | 53 | 49 51

12-13 | 57 50 | 50 | 56 | 50 50
13-14 | 64 52 | 48 | 57 | 50 50
14-15| 6.8 51 | 49 | 59 | 49 51
15-16| 7.3 53 | 47 | 65 | 46 54
16-17| 93 | 49 | 51 | 79 | 45 55
17-18| 70 | 43 | 57 | 85 | 40 60
18-19| 55 | 47 | 53 | 59 | 46 %4
19-20| 47 47 | 53 | 39 | 48 52
20-21| 38 | 46 | 54 | 33 | 47 53
21-22 | 32 48 | 52 | 28 | 47 53

48

47

22-23| 26 52 | 23 | 48 52
23-24| 23 53 | 17 | 45 55

For example, theinbound directiona hourly demand volume between 8 and 9 a.m. on an urban
roadway with a40,000 AADT would be:

40,000 AADT x 6.3% x 59% = 1,487 vehicles/hour

AlthoughMicroBENCOST providesfor theuseof different directional hourly distribution
valuesfor Interstate, Principal Arterial, Minor Arterial, and Major Collector, the default
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vaueslisted arethe samefor dl functiona classes. Pennsylvania, onthe other hand, provides
different hourly distributionsfor variousfunctional classroadways, but it doesnot providea
directiona split factor. Table 3.2 containsstatewide hourly distribution factorsused by
PennDOT in developing user delay cost.

Table3.2. PennDOT AADT distribution (hourly per centages).

Hour Traffic Patter n Group
(24 Hr Inter state Principal Arteria Minor Arterial
Clock) Urban Rural Urban Rural Urban Rural
12-1 13 17 0.9 0.9 0.8 0.7
1-2 0.9 14 0.5 0.5 04 04
2-3 0.8 13 04 0.5 0.3 0.3
3—-4 0.8 13 04 0.5 0.3 04
4-5 11 14 0.6 0.9 04 0.8
5—-6 21 2.1 18 2.3 13 2.2
6-—7 4.7 3.7 4.4 4.9 4.0 45
7-8 6.4 4.9 6.2 6.2 6.4 55
8-9 5.6 4.9 5.7 55 5.7 5.3
9-10 5.1 5.2 5.1 5.3 48 54
10-11 5.2 5.5 5.2 5.4 4.9 5.8
1-12 54 5.8 5.6 5.6 55 6.0
12-13 5.5 5.7 6.0 5.7 6.0 6.2
13-14 55 5.9 5.9 5.9 5.7 6.4
14-15 6.1 6.3 6.4 6.6 6.3 7.2
15-16 7.3 6.9 74 7.7 7.6 8.1
16-17 7.8 7.2 7.8 8.0 8.3 8.0
17-18 7.2 6.6 75 7.4 8.0 7.1
18—-19 54 5.3 5.9 55 6.2 54
19-20 43 44 48 43 5.1 44
20-21 3.7 38 4.0 3.6 43 3.6
21-22 3.2 34 3.3 3.0 34 29
2-23 2.6 29 24 2.3 24 21
23-24 20 24 17 15 16 14
CONCEPTUAL ANALYSS

Before addressing user cost cal culation procedures, it ishelpful to conduct aconceptual analysis
of awork zone operation. There are seven possiblework zone user cost componentsthat can
occur; three are associ ated with a Base Case situation where traffic operates under Free-Flow
conditions, and four are associated with a Queue situation wheretraffic operates under Forced-
Flow conditions. The next section conceptually discusses potentia user costsinvolved under
Free-Flow and Forced-Fow (Leve of ServiceF) conditions.

FreeFlow
Work zonesrestrict traffic flow ether by reducing capacity or, asaminimum, by posting lower

speed limits. Figure 3.1 showsfree-flow conditionsat awork zone. All traffic that flowsthrough
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thework zonemust, at aminimum, dow whiletraveling through it and then accel erate back to
normal operating speed. Thisiscommonly referred to asaspeed changeand it resultsin three
work zone-related User Cost components: speed change delay, speed changeVOC, and
reduced speed delay. Figure 3.1 presentsthe cost components associ ated with freeflow.

Free Flow

o o . _
oo” Construction Zone

r Shoulder |

Traverse Work
- >

Speed Change VOC Reduced Speed Delay
Speed Change Delay

Figure3.1. Free-flow cost components.

Speed Change Delay isthe additional time necessary to decel erate from the upstream
approach speed to thework zone speed and then to accel erate back to theinitial approach
Speed after traversing thework zone.

Speed Change VOC isthe additional vehicle operating cost associ ated with decelerating from
the upstream approach speed to the work zone speed and then accel erating back to the
approach speed after leaving thework zone.

Reduced Speed Delay isthe additional time necessary to traversethework zone at thelower
posted speed; it depends on the upstream and work zone speed differentia and length of the
work zone.

If traffic demand remains bel ow work zone capacity, added work zone user costsarelimited to
the abovethree componentsand theanaysisisrelatively smple. In most cases, delay times
remainrelatively low and represent more of aminor irritation and inconveniencethan aserious
problem.
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Forced Flow (L evel of ServiceF)

When hourly traffic demand exceedswork zone capacity, traffic flow breaksdown and aqueue
of vehiclesdevelops, asfigure 3.2 shows. It isimportant to note that the queueformsnot inthe
work zoneitself, but inthe upstream approach to thework zone.

Forced Flow

Upstream Queue Area Work Zone y
Clltice Gilios Cilitos o Gilios Lo -3
Lo — o3 Cilic: Gilice Cilice Clice Gl  Cilioe
o s o 2 Em R Em R Em 5 EEm R Em 5 EEm 5 EEm 5 Em o  mm w = - ol © wils Ca Camd O
Shoulder ‘
< Work Zone
Speed Change Stopping Queue Reduced Speed Delay
VOC & Delay VOC & Delay ldling & Delay (Traverse Work Zone)

Figure3.2. Forced-flow cost componentsleve of serviceF.

Onceaqueuedevel ops, al approaching vehiclesmust not only slow down before proceeding
through thework zoneitsalf, but they also must stop at the upstream end of the queue and
creep through thelength of the physical queue under forced-flow conditions. Aslong as
demand exceeds capacity, thelength of the queue grows, exacerbating the problem. When
demand eventudly fallsbelow capacity, or when capacity isincreased above demand by
removing thework zonerestriction, vehiclesthen leavethe queuefaster than they arriveand the
length of the queue shrinksand eventudlly diss pates. When capacity isreduced on high-traffic
facilities, itiscommon for queuesto develop inthemorning peak traffic period, dissipate, and
then redevelopinthe afternoon peak traffic period. In exceptionaly congested areas, queues
may form early in the morning and continue throughout the day and into the evening hours.

Queuing situationsimposefour work zone-related user coststhat only apply to vehiclesthat
encounter aphysica queue.

Stopping Delay isthe additional time necessary to cometo acompl ete stop from the upstream
approach speed (instead of just Slowing to thework zone speed) and the additional timeto
accelerate back to the approach speed after traversing thework zone.

Stopping VOC isthe additiona vehicleoperating cost associated with stopping fromthe
upstream approach speed and accel erating back up to the approach speed after traversing
work zone.
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QueueDelay isthe additional time necessary to creep through the queue under forced-flow
conditions.

Idling VOC istheadditional vehicle operating cost associated with stop-and-go driving inthe
gueue. Theidling cost rate multiplied by the additiona time spent inthequeueisan
approximation of actual V OC associated with stop-and-go conditions. When aqueueexists,
stopping delay and VV OC replace the free-flow speed change delay and VOC.

The conceptual analysis presented hereisgeared primarily to freeway conditions. Conceptua
analysisof other facilitieswith at-grade intersectionswoul d a so incur speed change, stopping,
delay, andidling cost but at amuch higher frequency, because of intersection-control devices

and turning movements.

COMPUTATIONAL ANALYSIS

Oncetheindividua work zoneshave beenidentified, each iseva uated separately. Thisisthe
point at whichindividual user cost componentsare quantified and converted to dollar cost
values. Thissection providesan gpproach for actualy quantifying and costing theindividual
work zone user cost componentsencountered. The 12 overall stepsinvolved are:

Project futureyear traffic demand.
Calculatework zonedirectional hourly demand.
Determineroadway capacity.

| dentify the user cost components.

Quantify traffic affected by each component.
Compute reduced speed delay.

Select and assign VOC cost rates.

Select and assign delay cost rates.
Assgntraffictovehicleclasses.

10 Computeindividua user costscomponentsby vehicleclass.
11. Sumtotal work zoneuser costs.

12. Addresscircuitry and crash costs.

WCoNoahkwWDdNRE

ExampleWork Zone Problem Defined

Thefollowing information describesthework zone used asthe exampl e problem throughout the
remainder of thissectiontoillustrate thework zone user cost computational stepsdescribed
above.

Faality: 3-lanedirectiona outbound Interstate. Posted speed is55 mi/h and gradeson
thefacility arelessthan 2 percent.

Treffic: Baseyear (1995) AADT of 122,000 vehiclesper day. Vehicle classification
countsindicateatraffic streammix of 90 percent Passenger
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Vehicles, 5.4 percent Single-Unit Trucks, and 4.6 percent Combination Trucks.
The 10-year projected traffic growth ratesfor thevariousvehicle classifications
are 2.2 percent for passenger vehiclesand 5 percent per year for both single-
unit and combination trucks.

Work Zone:  5.25-mile-long single-lane closurefrom 9am. until 3 p.m. and from 8 p.m. until
5am. thefollowing morning. Work zone posted speed is40 mi/h. Thework
zonewill bein placefor 60 daysin 1999.

Step 1. Project FutureYear Traffic Demand

Thefirst stepisto project futureyear hourly traffic demand volumesfor each vehicleclassfor
theyear thework zoneswill bein place, from current or baseyear AADT, using compound
traffic growth factors. Thefollowing formulaapplies:

Future Year AADT = Base Year AADT x Vehicleclass % x (1 + growth rate)(FutureYr.-Baser)

The AADT onafacility in 1999 can be determined from a1995 baseyear AADT of 122,000
using the aboveformulaby applying the appropriate compound growth ratefactor (inthis
example 2.2 percent for passenger vehiclesand 5 percent for trucks) asfollows:

Projected 1999 AADT

Passenger Vehicles 122,000 x 0.900 x 1.022® = 109,800x 1.09095 =119,786 = 89%
Single-Unit Trucks  122,000x 0.054 x 1.050® = 6,588x1.21551 = 8,008 = 6%
Combination Trucks 122,000x 0.046 x 1.050® = 5612x 1.21551 = 6,821 = 5%
Total Traffic 134,615 = 100%

Based on these new numbers, total trafficin 1999 will be 134,615, and because of the
differentia traffic growth ratesfor trucks, the 1999 vehicle mix will be approximately 89 percent
for passenger vehicles, 6 percent for single-unit trucks, and 5 percent for combination trucks.

Step 2. Calculate Work Zone Directional Hourly Demand

Directional hourly traffic distribution should be determined from agency traffic dataon the
roadway being anayzed or fromtraffic dataon smilar facilities. If, however, such dataisnot
avallable, thedefault hourly distributionsfor variousroadway typesin urban and rura settings
fromMicroBENCOST (reproduced in table 3.1) can be used. Table 3.3 containsthefuture
year directiona hourly demand for the exampl e problem generated using the default
MicroBENCOST urban outbound hourly distribution factorsand 134,615 futureyear AADT.
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I nspection of table 3.3 reveal sthat a.m. outbound demand peaks at 4,200 vehiclesper hour in
the 7 to 8 am. period, whilethe p.m. outbound demand peaks at 6,885 vehiclesper hour inthe
5to 6 p.m. timeperiod.

Table3.3. Work zonedirectional hourly demand (all vehicleclasses).

AADT Outbound Urban Interstate
134,615 Dir ectional
(C2|40.é-||(; % ADT Eactor % Demand
12-1 1.2 53 856
1-2 0.8 57 614
2-3 0.7 54 509
3-4 0.5 52 350
4-5 0.7 43 405
5-6 1.7 42 961
6-7 5.1 37 2,540
7-8 7.8 40 4,200
8-9 6.3 41 3,477
9-10 5.2 45 3,150
10-11 4.7 54 3,417
11-12 5.3 51 3,639
1213 5.6 50 3,769
1314 5.7 50 3,837
1415 5.9 51 4,051
15-16 6.5 54 4,725
16 -17 7.9 55 5,849
17 -18 8.5 60 6,865
1819 5.9 54 4,289
19-20 3.9 52 2,730
2021 33 53 2,354
21-22 2.8 53 1,998
22 -23 2.3 52 1,610
23-24 17 55 1,259
Tota 67,453

Step 3. Deter mine Roadway Capacity

In analyzing work zone user codts, there arethree capacitiesthat need to be determined: (1) thefree-
flow capacity of thefacility under normal operating condition, (2) the capacity of thefacility whenthe
work zoneisin place, and (3) the capacity of thefacility to disspatetraffic from astanding queue.



Free-Flow Capacity isthe maximum capacity afacility can handle under free-flow conditions.
Accordingtothe 1994 HCM (p. 2-10), the maximum capacity for a2-lanedirectional freeway
under ideal conditionsis 2,200 passenger carsper hour per lane (pcphpl) and 2,300 pcphpl for
a3- or morelanedirectional freeway. The 1994 HCM pointsout the need to reduce the above
ideal condition capacitiesfor such real world factorsasrestricted lanewidths, reduced lateral
clearances, the presence of trucksand recreational vehicles, and the presence of adriver
population unfamiliar withthearea(p. 3-11). Therea-world free-flow capacity of thefacility is
determined by gpplying thefollowing formula:

St =MSFE xNxf xf,  xf
i i w p

SH =garviceflow ratefor LOSI under prevailing roadway and traffic conditionsfor N
lanesinonedirectioninvehiclesper hour (vph),

MSF =Maximum serviceflow ratefor LOSi for N lanesin onedirection (vph)

N =number of lanesin onedirection of thefreeway,

f =factor to adjust for the effects of restricted lanewidthsand | ateral clearances,

f =factor to adjust for the effect of heavy vehicleson thetraffic stream, and

fp =factor to adjust for the effect of recreationa or unfamiliar driver populations.

Thefollowing discussion describesthe proceduresto adjust maximum freeway capacity interms

of pcplphto real-world mixed vehicle conditionswhen there aretrucksinthetraffic stream (the

most commonly encountered condition). For adjustmentsresulting from restricted lanewidth,

reduced |ateral clearance, and other adjustment factorswhen thework zoneisnot in place,

refer to chapter 3 (p. 3-12) of the 1994 HCM.

The capacity adjustment resulting from the presence of trucksisbased on thefact that trucks
arelarger than passenger vehiclesand thus physically occupy moreroadway space. Further,
trucks, particularly when fully loaded, tend to beless nimbleand maneuverabl e than passenger
vehicles, especially onlong, steep up grades.

Truck equivaency factorsare used to adjust highway capacity for the presence of trucksinthe
traffic stream. Truck equivalency factorsareafunction of the percent trucksin thetraffic stream
and the degree and length of the maximum vertical grade onthefacility. Table 3.4 reproduces
thetruck equivalency factorsfor various combinations of percent trucks, grades, and grade
lengthsfound in table 3-4 of the 1994 HCM.

Inspection of table 3.4 clearly showsthat truck equivaency factorsincrease asgradesand
gradelengthincrease. Theeffect of grade and gradelength diminishesasthe percent of trucksin
thetraffic streamincreases. It isalso clear fromtable 3.4 that at grades of lessthan 2 percent,
thetruck equivaency factor is 1.5, regardless of thelength of the grade or the percent of trucks
inthetraffic stream. Becausethe example problem used throughout this chapter hasby
definitionlessthan 2 percent grades, thetruck equivaency factor for the example problem will
be 1.5.
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Table3.4. Truck equivalency factors.

Grade| Length Percent Trucksand Buses

% (Miles) 21 451 6| 81015205
<2 All 15] 15| 15| 15| 15| 15| 15 15| 15
000-0.25 15] 15| 15] 15| 15| 15| 15 15| 15
025-050 | 15| 15| 15| 15| 15| 15| 15| 15| 15
2 050-07 | 15| 15| 15| 15| 15| 15| 15| 15| 15
0.75-100 25| 20| 20| 20 15| 15| 15] 15| 15
100- 150 401 30| 30| 30 25| 25| 20| 20| 20
>150 45| 35| 30| 30| 25| 25| 20| 20| 20
000-0.25 15] 15| 15] 15| 15| 15| 15 15| 15
025-050 30| 25| 25| 20 20| 20| 20| 15| 15
3 050-0.75 60| 40| 40| 35 35| 30| 25| 25| 20
0.75-100 75| 55| 50| 45| 40| 40| 35| 30| 30
100- 150 80| 60| 55| 50| 45| 40| 40| 35| 30
>150 85| 60| 55| 50| 45| 45| 40| 35| 30
000-0.25 15] 15| 15] 15| 15| 15| 15 15| 15
025-050 55| 40| 40| 35 30| 30| 30| 25| 25
4 050-0.75 95| 70| 65| 60| 55| 50| 45| 40| 35
075-100 | 1051 80| 70| 65| 60| 55| 50| 45| 40
>1.00 10| 80| 75| 70| 60| 60| 50| 50| 45
000-02% | 20| 20| 15| 15| 15| 15| 15| 15| 15
025-0.33 60| 45| 40| 40 35| 30| 30| 25| 20
5 033-050 90| 70| 60| 60| 55| 50| 45] 40| 35
050-07/ | 125 90| 85| 80 70| 70| 60| 60| 50
075-100 | 130 95| 90| 80| 75| 70| 65| 60| 55
>100 130f 95| 90| 80| 75| 70| 65| 60| 55
000-025 451 35| 30| 30 30| 25| 25| 20| 20
025-033 90| 65| 60| 60| 50| 50| 40| 35| 30
6 033-050 | 1251 95| 85| 80| 70| 65| 60| 60| 55
050-075 | 150| 110| 100| 95| 90| 85| 80| 75| 65
075-100 | 150| 11.0| 100 95| 90| 85| 80| 75| 65
>100 150 10| 100|] 95| 90| 85| 80| 75| 65

Tables 3.5 and 3.6 are maximum freeway capacity (mixed vehicles per lane per hour) look up
tables based on truck equivalency factor and percent trucksin thetraffic stream. Table 3.5isfor
2-lanedirectional freewaysand table 3.6isfor 3- or morelanedirectional freeways. Table3.6is
the appropriatetablefor the exampleproblem. Table 3.6 (6- or morelanefacility), with atruck
equivalency factor of 1.5 and futureyear percent trucks of 11 percent, revealsby extrapolationa
free-flow capacity of 2,180 vehiclesper lane per hour, or 6,540 vphfor all 31anes.
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Table3.5. Maximum mixed vehicletraffic capacitiesfor trucksin thetraffic stream (4-lanefacilities).

%
Trucks

Truck Equivalency Factor

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

0.0%
2.0%
4.0%
5.0%
6.0%
8.0%
10.0%
12.0%
14.0%
15.0%
16.0%
18.0%
20.0%
22.0%
24.0%
25.0%

2,200
2,178
2,157
2,146
2,136
2,115
2,095
2,075
2,056
2,047
2,037
2,018
2,000
1,982
1,964
1,956

2,200
2,157
2,115
2,095
2,075
2,037
2,000
1,964
1,930
1,913
1,897
1,864
1,833
1,803
1,774
1,760

2,200
2,136
2,075
2,047
2,018
1,964
1,913
1,864
1,818
1,796
1,774
1,732
1,692
1,654
1,618
1,600

2,200
2,115
2,037
2,000
1,964
1,897
1,833
1,774
1,719
1,692
1,667
1,618
1,571
1,528
1,486
1,467

2,200
2,095
2,000
1,956
1,913
1,833
1,760
1,692
1,630
1,600
1,571
1,517
1,467
1,419
1,375
1,354

2,200
2,075
1,964
1,913
1,864
1,774
1,692
1,618
1,549
1,517
1,486
1,429
1,375
1,325
1,279
1,257

2,200
2,056
1,930
1,872
1,818
1,719
1,630
1,549
1,477
1,443
1,410
1,350
1,294
1,243
1,196
1,173

2,200
2,037
1,897
1,833
1,774
1,667
1,571
1,486
1,410
1,375
1,341
1,279
1,222
1,170
1,122
1,100

2,200
2,018
1,864
1,796
1,732
1,618
1,517
1,429
1,350
1,313
1,279
1,215
1,158
1,106
1,058
1,035

2,200
2,000
1,833
1,760
1,692
1,571
1,467
1,375
1,294
1,257
1,222
1,158
1,100
1,048
1,000
978

Table3.6. Maximum mixed vehicletraffic capacitiesfor trucksinthetrafficstream (6 or morelanes).

%
Trucks

Truck Equivalency Factor

15

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

0.0%
2.0%
4.0%
5.0%
6.0%
8.0%
10.0%
12.0%
14.0%
15.0%
16.0%
18.0%
20.0%
22.0%
24.0%
25.0%

2,300
2,277
2,255
2,244
2,233
2,212
2,190
2,170
2,150
2,140
2,130
2,110
2,091
2,072
2,054
2,044

2,300
2,255
2,212
2,190
2,170
2,130
2,091
2,054
2,018
2,000
1,983
1,949
1,917
1,885
1,855
1,840

2,300
2,233
2,170
2,140
2,110
2,054
2,000
1,949
1,901
1,878
1,855
1,811
1,769
1,729
1,691
1,673

2,300
2,212
2,130
2,091
2,054
1,983
1,917
1,855
1,797
1,769
1,742
1,691
1,643
1,597
1,554
1,533

2,300
2,190
2,091
2,044
2,000
1,917
1,840
1,769
1,704
1,673
1,643
1,586
1,533
1,484
1,438
1,415

2,300
2,170
2,054
2,000
1,949
1,855
1,769
1,691
1,620
1,586
1,554
1,494
1,438
1,386
1,337
1,314

2,300
2,150
2,018
1,957
1,901
1,797
1,704
1,620
1,544
1,508
1,474
1,411
1,353
1,299
1,250
1,227

2,300
2,130
1,983
1,917
1,855
1,742
1,643
1,554
1,474
1,438
1,402
1,337
1,278
1,223
1,173
1,150

2,300
2,110
1,949
1,878
1,811
1,691
1,586
1,494
1,411
1,373
1,337
1,271
1,211
1,156
1,106
1,082

2,300
2,091
1,917
1,840
1,769
1,643
1,533
1,438
1,353
1,314
1,278
1,211
1,150
1,095
1,045
1,022
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Queue Dissipation Rates

Capacity during queuedissi pationislessthan the capacity for free-flow conditions, even
though thelanesare unrestricted (1994 HCM, 2-29). Thereduction can easily beasmuch as
200vph. Accordingtothe 1994 HCM, “. . . various observations of freeway queue depar-
tureratesrangefrom aslow as 1,500 pcphpl to ashigh as2,000 pcphpl.” Thisimpliesthat a
separate and distinct temporary dissi pation capacity rate exists after awork zoneisre-
moved. Thisrate comesinto play whenwork zonesareonly in placefor certain hoursof the
day (i.e, when work zonesare removed during peak traffic flow periods).

Removal of restrictionsin front of aqueue can aso beanayzed much likethedissipation of a
queueat aredtrafficsigna. Thatis, thefirst carsmoveout rather dowly whilefollow-on cars
takealittlelesstimeandfinaly stabilize at asaturation flow ratefurther back inthe queue.
Table 3.7 showsobserved saturation flow rates (capacity) departing from trafficsignalsas
givenintable 2-13, page 2-32, of the 1994 HCM.

Asnoted earlier, various observations of freeway queue departureratesrangefromaslow as
1,500 pcphpl to ashigh as 2,000. Using an average of 1,818, with astandard deviation of

Table3.7. Observed satur ation flow ratesper hour of greentime.

1,470 1,572 1,651 1,682 1,785 | 1,791
1,832 1,840 1,875 1,827 1,896 | 1,905
1,910 1,936 1,937 2,000 2,000 -
Average 1,818
Standard Deviation 144

144 from analysisof thetraffic signal analogy above, thereisa68 percent probability that the
gueuedissi pation rate would be somewhere between 1,674 and 1,962. Alternately, thereisa
95.5 percent probability that it would be somewhere between 1,530 and 2,106. Further
discussion of queue departure rates can befound on page 6-7 of the 1994 HCM.

Using a50 percent reliability, the queue diss pation capacity selected for theexample problemis
1,818 vehiclesper lane. With 3 lanes open, total dissipation capacity becomes 5,454 vph.
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Wbrk Zone Capacity

Traffic capacity inthework zone can be estimated from research on the capacity associated with
variouslaneclosureson multilanefacilities. Table 3.8 reflects observed work zone mixed vehicle
flow capacitiesat severa real-world work zonesunder several lane closure scenarios. 9

Table3.8. M easured aver agewor k zonecapacities.

Directional Lanes Number Aver age Capacity
Normal Work Zone of VehiclesPer | Vehicles per
Operations | Operations Studies Hour L ane per Hour
3 1 7 1,170 1,170
2 1 8 1,340 1,340
5 2 8 2,740 1,370
4 2 4 2,960 1,480
3 2 9 2,980 1,490
4 3 4 4,560 1,520

Table3.8indicates, for example, that a3-lanedirectional facility with 1 lane closed and 2 lanes
opened totraffic (line 5 of table 3.8) will haveatotal average work zone capacity of 2,980 vph,
and only 1,490 vehicles per laneper hour. Asthe 1,490 vehicles per lane per hour represent
the mean capacity, it incorporatesa50 percent reliability factor (i.e., half of thetimethe
capacity will begreater than 1,490 and half thetimelessthan 1,490). Figure 3.3 showsthe
capacity rangesobserved for the average work zone capacitiesintable 3.8. Thissamedatais
plotted asadescending cumul ative probability distributioninfigure 3.4.

8—ee—e——8 3Lanes -1 Open
®@-®@ee | anes-1 Open

oo 5 Lanes -2 Open

®®—® / |anes-2 Open

e@®-e® 3| anes -2 Open

@ Volume observed in one study

o 8 4 Lanes - 3 Open
——Range of observed volumes

| | | | | | | | |

1000 1100 1200 1300 1400 1500 1600 1700 1800
Capacity, Vehicles/Hour/Lane

Figure 3.3. Rangeof obser ved work zone capacities.
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Figure 3.4 isusedtoincorporateardiability factor inthe value selected for thework zone
capacity. Figure 3.4 isused by sdlecting the desired percent reliability factor fromtheY axis,
then intersecting the gppropriate work zone situation, and estimating the corresponding capacity.
Thex-axisintercept representsthe adjusted work zone directional mixed vehicleflow capacity
per lanefor thework zone configuration and reliability factor sel ected.

For the exampl e problem, an 80 percent reliability factor will be used to determinework zone
capacity. By entering thefigure at an 80 percent reliability and intersecting the curvefor a3-lane
directiond facility with 2 lanesopen, thework zone capacity, determined by inspection, is
approximately 1,415 vehiclesper laneor 2,830 vph. Using an 80 percent reliability isroughly
equivalent to saying that thework zone capacity will beat least equal to 2,830 vehiclesper hour
80 percent of thetime. It a so means, however, that the capacity of thework zone can beless
than 2,830 for 20 percent of thetime.

Note: Parentheses figures indicate (no. of original
lanes, no.of open lanes)
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Figure3.4. Cumulativedistribution of observed work zone capacities. (Sourcee HCM, 1994)
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Step 4. [ dentify theUser Cost Components

With theroadway capacities established, thefourth stepisto comparethe roadway capacity
with thehourly demand for thefacility. One of themost difficult problemsin anayzing work zone
user costsiskeeping track of all theinput valuesand the resulting computations. Oneof the
most effective methods of keeping track isto set up the problem in amicrocomputer
Spreadsheet software program. Most of thefollowing tables, such astable 3.9, werecreated in
aspreadsheet software program. It providesaconvenient way to compare capacity and hourly
demand, and it formsthe basisfor determining the user cost componentsthat comeinto play.

Table3.9. Work zoneanalysismatrix.

AADT 134,615

Hour Queue gtgug Lanes Operating Cost
(24-Hr | Demand | Capacity Rate : Open Conditions Factors
Vehicles
Clock)
(@) (b) (c) (d) (e) (f) (9) (h)
0-1 856 2,830 -1,974 0
1-2 614 2,830 -2,216 0 Free Flow Free Flow
2-3 509 2,830 -2,321 0 2 WZ in place Only
3-4 350 2,830 -2,480 0 No Queue Costs (3)
4-5 405 2,830 -2,425 0
5-6 961 6,540 -5,579 0 Free Fi
67 2,540 6,540 | -4,000 0 3 ;\leg W%W N Costs
7-8 4,200 6,540 -2,340 0 No Queue
8-9 3,477 6,540 -3,063 0
9-10 3,150 2,830 320 320
10-11 3,417 2,830 587 907 Forced Flow WZ Delay
11-12 3,639 2,830 809 1,715 5 WZ in place and
12 -13 3,769 2,830 939 2,654 Queue Exists Queuing
13-14 3,837 2,830 1,007 3,661 (5 costs)
14 -15 4,051 2,830 1,221 4,881
15-16 4,725 5,454 -729 4,152
16 -17 5,849 5,454 395 4,548 Forced Flow Queuing
17 -18 6,865 5,454 1,411 5,959 3 No WZ Only
18-19 4,289 5,454 -1,165 4,794 Queue Exists (4 costs)
19-20 2,730 5,454 -2,724 2,070
20-21 2,354 2,830 -476 1,594 Forced Flow | WZ Delay
21 -22 1,998 2,830 -832 762 2 WZ inplace | and Queue
22 -23 1,610 2,830 -1,220 0 Queue Exists | (5 Costs)
23-24 1,259 2,830 -1,571 0 No Queue Free Flow
Totd 67,453

Note: Shaded areas represent hours the work zoneisin place.

51



Intable3.9, column (b) showsthedirectiona hourly travel demand determinedintable 3.3 on
page 43, while column (c) showsthe capacitiesjust determined. The capacities showninclude:

(1) Work zone capacity of 2,830 vph when thework zoneisin place (midnight to
5am., 9am.to3p.m., and onceagain from 8 p.m. to midnight),

(2) Free-flow capacity of 6,540 vph during freeflow operation when thework zoneis
notinplace(5to9am.), and

(3) Queuedissipation capacity of 5,454 vph for the 3to 8 p.m. timeperiod when the
work zoneisremoved but abuilt-up queue existsand startsto dissipate.

Becausethe major work zone user cost impact istheresult of the user delay component of
traversing any queuethat may develop, itisimportant to determinewhether or not aqueuewill
form, andif it forms, how longit will taketo dissipate. To answer thisquestion, thedirectional
hourly demand iscompared to the avail able capacity for each hour of theday.

The Queue Ratein column (d) isthe difference between hourly capacity of thefacility and the
unrestricted hourly demand (demand minus capacity) during each hour of theday. The queuing
rateisthehourly rateat which vehiclesaccumulateto, or, if negative, disspatefromany queue
that may exist. Column (€), on the other hand, representsthe cumulative number of vehicles
backed up in the queue at the end of each hour.

Toassstintheanaysis, table 3.9includes severa additiona temporary columns:

(1) Column (f) indicatesthe number of lanesopento traffic.
(2) Column(g) describesthefacilities’ operating conditions (freeor forced flow).
(3) Column (h) describesthe user cost factorsthat apply during each hour of the day.

Themost comprehensive approach in anayzing table 3.9 would be to conduct an hour-by-hour
andyss. Theandysiscan besgnificantly smplified by grouping and analyzing hoursof theday
with similar operating characteristics. Theanaysisbelow centersaround 5 periods of theday
(oneisrepeated) that sharesmilar operating characteristics.

XD o

Inspection of table 3.9 showsthework zoneisin placefrom midnight until 5a.m. and that
capacity isrestricted to 2,830 vph. Astraffic demandislower than capacity, thefacility
operatesunder free-flow conditions. Thereisno queue and no vehicleshaveto stop. Under
these conditionsthework zoneresultsin threefree-flow user costs. the VOC and delay cost of
the speed change associated with dowing down for thework zone, and the delay cost of
traversing thework zone at areduced speed.

;D) rors

From5to 9 am. thework zoneisremoved and, with no built-up queue, capacity increasesto
thefree-flow rate of 6,540 vph and exceeds demand throughout the period. Under these
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conditions, there’sno queue and no work zone, and therefore there areno work zone- or
gueue-related user costs.

€I|—> Period 3

At9am., whenthework zoneisreestablished, capacity falsback to 2,830 vph until 3p.m.,
whenthework zoneisremoved for the evening rush hours. During this period demand exceeds
capacity and aqueueforms. By 10 am. the queue growsto 320 vehiclesand continuesto grow
t0 4,881 vehiclesby 3 p.m., when thework zoneisagain removed. Duringthe 9 am. to 3p.m.
period, thereareatotal of five user cost components. They arethefour forced-flow user costs
associated with queuing (stopping VOC and delay costs, idling VOC, and delay cost of
crawling through the queue) aswell asthefree-flow delay intraversing thework zone. The
speed changedelay and VVOC cost factors have been replaced by thedelay and VOC stopping
cost factors.

XD oo

Thework zoneisremoved at 3 p.m. Becausethereare 4,881 vehiclesaready queued onthe
roadway, capacity only increasesto 5,454 vph (the queue dissipationrate), rather than the
normal free-flow capacity of 6,540 vph.

From 3to4 p.m., demandislessthan capacity and the queue startsto dissipate, fallingto 4,152
vehiclesat 4 p.m. Rush hour demand from 4 to 6 p.m. again exceeds capacity. The queue
growsagain toitsmaximum length of 5,959 at 6 p.m. before diss pating over the next 2 hoursto
2,070 vehiclesat 8 p.m., whenthework zoneisreestablished. During thisentire period from 3
until 8 p.m., thereisno work zone and therefore no free-flow user cost. Thereare, however,
gueuing user costs (stopping VOC and delay costs, and idling and delay cost of crawling
throughthe queue).

TXD) rote

At 8p.m., whenthework zoneisreestablished, thereisastanding queue of 2,070 vehicles.
Whilethe capacity falsto 2,830 vph, it exceedsthe hourly demand and the queue continuesto
dissipate. Thequeuefinaly completely diss pates somewherearound 10:30 p.m. During this8
to 11 p.m. period, conditionsareidentical to period 3.

m Period 1 ... Revisited

Findly, by 11 p.m. thequeueiscompletely goneand traffic flow revertsto free-flow operation
through thework zonefor thefinal hour of the 24-hour period. During thislast hour, only free-
flow user costsareincurred. Theroadway operating characteristicsof the 11 p.m. to midnight
period areidentical tothoseof Period 1 discussed earlier.
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Step 5. Quantify Traffic Affected by Each Cost Component

Thenext step isto quantify the number of vehiclesinvolved with each cost component. For
smplicity of anayss, hoursof theday are aggregated into the periodswith similar operating
characteristics. Asdiscussed earlier, thehoursaremidnightto5am., 5to9am., 9am.to
3p.m., 3to8p.m., 8to 11 p.m., and 11 p.m. to midnight.

Table3.10isamodification of table 3.9. Thethree columnsthat described operating conditions
(f through h) have been replaced with four columns(f) through (i) that provideinformation on
the number of vehiclesthat haveto (f) traversethework zone, (g) traverse the queue, (h) stop
for thequeue, and (i) those that merely haveto dow down. Thesefour columnsare used to
identify the number of vehiclesinvolvedinthe seven user cost components. Thetableis
subdivided to cluster and subtota the hoursof theday with smilar operating conditions

asjust discussed.

Table3.10. Expanded work zonematrix.

AADT 134,615

Number of Vehiclesthat

Hour Queue QNO' cgd Stop Slow

. ueu Traverse | Traverse Down

(mi/h)

(@ (0) (© (d) (e () (9 () ()

0-1 856 2,830 | -1,974 0 856 0 0 856
1-2 614 2,830 | -2,216 0 614 0 0 614
2-3 509 2,830 | -2,321 0 509 0 0 509
3-4 350 2,830 | -2,480 0 350 0 0 350
4-5 405 2,830 | -2,425 0 405 0 0 405
0-5 2,734 0 0 2,734
5-6 961 6,540 | -5,579 0 0 0 0 0
6-7 2,540 6,540 | -4,000 0 0 0 0 0
7-8 4,200 6,540 | -2,340 0 0 0 0 0
8-9 3,477 6,540 | -3,063 0 0 0 0 0
5-9 0 0 0 0 0
9-10 3,150 2,830 320 320 2,830 2,830 3,150 0
10-11 3,417 2,830 587 907 2,830 2,830 3,417 0
11-12 3,639 2,830 809 1,715 2,830 2,830 3,639 0
12 -13 3,769 2,830 939 2,654 2,830 2,830 3,769 0
13-14 3,837 2,830 1,007 3,661 2,830 2,830 3,837 0
14 -15 4,051 2,830 1,221 4,881 2,830 2,830 4,051 0
9-15 16,980 16,980 21,861 0
15-16 4,725 5,454 -729 4,152 0 5,454 4,725 0
16 -17 5,849 5,454 395 4,548 0 5,454 5,849 0
17 -18 6,865 5,454 1,411 5,959 0 5,454 6,865 0
18 -19 4,289 5,454 | -1,165 4,794 0 5,454 4,289 0
19 -20 2,730 5454 | -2,724 2,070 0 5,454 2,730 0
15-20 0 27,270 24,458 0
20-21 2,354 2,830 -476 1,594 2,830 2,830 2,354 0
21-22 1,998 2,830 -832 762 2,830 2,830 1,998 0
22 -23 1,610 2,830 | -1,220 0| 2,372** 1,767* 1,005* 605*
20-23 8,032 7,427 5,357 605
23-24 1,259 2,830 | -1,571 0 1,259 0 0 1,259
24 hours 67,453 29,005 51,677 51,677 4,597

* Values shown are prorated based on the portion of the hour required to clear the queue (762/1220).
** Represents hourly demand and vehicles queued from the previous hour.
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\ehicles That Traverse the Work Zone — Column (f)

Thetraffic that traversesthework zonein column (f) isgeneraly thetraffic demand onthe
facility during the hoursthework zoneisin place. Although thisisthe case under free-flow
operating conditions, under forced-flow conditions, the maximum number of vehiclesthat can
traversethe work zoneislimited to the capacity of thework zone, which intheexample
problemis2,830 vph.

Frommidnight to 5am., the number of vehiclestraversing thework zoneisthe demand during
theperiod or 2,734 vehicles. During the9 am. to 3 p.m. period, the demand exceeds capacity
and the number traversing the work zoneislimited to the 2,830 vph capacity of thework zone,
for atotal of 16,980 during the period. From 3to 8 p.m., thework zoneisremoved and thereis
nowork zoneto traverse.

From 8 p.m. until midnight, the number of vehiclesisat first limited to the capacity of thework
zone because, while hourly demandislessthan capacity, thereisabuilt-up queueonthe
roadway that hasto dissipate. Oncethe queueisdissipated, sometimeafter 10 p.m., the
number of vehiclestraversing thework zone areathen revertsto the hourly demand. From 8 to
11 p.m., 8,032 vehiclestraversethework zone, and an additiona 1,259 vehiclestraversethe
work zone, from 11 p.m. to midnight.

A total of 29,005 vehiclestraver sethework zoneover the 24-hour period, asshown at
thebottom of column (f).

Vehicles That Traverse the Queue — Column (g)

All vehiclesthat gpproach thework zonewhen aphysical queue exists must stop and work their
way through the queue before entering thework zone. Traffic that arrivesasthe queue startsto
deveopwill havearather short queue, whiletraffic arriving when the queueisfully devel oped
will haveamuch longer queueto traverse. Ontheother hand, vehiclesarriving asthequeueis
dissipating will haveacontinualy shrinking queuelength to deal with. Nonetheless, dl vehicles
that arrivewhileaqueueispresent must traverseit.

Itisimportant to note that becausethefacility isoperating under aforced-flow condition, the
hourly volume of vehiclestraversing the queue shown in column (g) islimited to the capacity of
thework zonearea. Thisisbecausetheonly way out of the queueisthrough thework zone
area. During the period from 9am. until 3 p.m., thiscapacity is2,830 vph for atota of 16,980
vehicles

During the period from 3until 8 p.m., even though thework zoneisremoved, the capacity only
increasesto the queue dissipation rate of 5,454 vph with 3 lanesopen. Duringthis3to 8 p.m.
period, atotal of 27,270 vehiclestraversethe queue.

Findly, from8to 10 p.m., thehourly volumetraversing thequeueisonceagain limited tothe
2,830 vph work zone capacity. During the 10to 11 p.m. period, when the queuefinaly
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completely dissipates, the number of vehiclestraversing the queueislimited to those vehicles
gueued at 10 p.m., plusthosevehiclesarriving early inthe hour beforethe queueiscompletely
gone. The 1,767 vehiclesshown for 10to 11 p.m. represent the prorated portion. A tota of
7,427 vehiclestraversethe queue during this8to 11 p.m. period. From 11 p.m. to midnight
thereisno queueand thereforeno vehiclestraverseit.

A total of 51,677 vehiclestraver sethe queueover the 24-hour period, asshown at the
bottom of column (g).

\ehicles That Stop — Column (h)

Every vehiclethat encountersaphysical queue must cometo acomplete stop beforetraversing
the queue. Over a24-hour period, the number of vehiclesthat must stopisequal to thevehicles
that must transverse the queue. The number of vehiclesthat stop each hour (column h) do not
correspond directly with the number of vehiclesthat traversethe queue each hour (column g).
Thereasonisthat the number of vehiclesthat come upon aqueue situation and areforced to
stop isgoverned by demand during the hour, not by the capacity of thework zonearea. Note
that the number of vehiclesthat stopinthe 10to 11 p.m. timeperiod (1005) isaprorated share
of the vehiclesthat approach during the hour based on the portion of the hour (762/1220) used
tototally disspatethe 762 vehiclesin the queue at the start of the hour. That portionis
determined by dividing the number of queued vehiclesat the beginning of the hour by the queue
diss pation rate during the hour (762/1220). The remaining 605 vehiclesthat approach during
thishour (1610-1005) only haveto sow down.

A total of 51,677 vehiclesmust stop over the 24-hour period, asshown at thebottom of
column (h).

Thisisthe samenumber, 51,677 vehicles, that traversethe queue shown at the bottom of
column(g).

Vehicles That Sow Down — Column (i)

Column (i) reveasthat, inthisexample, only asmall portion of thedaily traffic hastojust dow
downto traversethework zone. The number of vehiclesthat just haveto slow down prior to
traversing thework zone (as opposed to coming to acompl ete stop) arethose vehicles
encountering thework zone under free-flow conditions. In the example presented here, that
Situation exists between midnight and 5 am. and sometimeafter 10 p.m. through midnight.
During thesetimes, the hourly number of vehiclesthat must merely dow down equalsthe
demand during that hour. The number of vehiclesthat merely dow downduringthe10to

11 p.m. periodislessthan traffic demand. That isbecausethefirst part of the hour isused to
disspatethelast of the queue, and only thelast portion of the hour operatesunder free-flow
conditions. The 605 vehiclesshownfor 10to 11 p.m. represent aprorated portion of the hourly
demand.

A total of 4,597 vehiclesmust slow down over the 24-hour period, asshown at the
bottom of column (i).
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General Comment

Itisimportant to notethat, inthisexample, aqueue devel opsat midmorning and remainsuntil
sometimeafter 10 p.m. Inother stuationswith different trafficlevels, hourly distributions, and
work zone configurations, it isquite possiblefor aqueueto devel op in themorning, completely
dissipate, and then reappear in the afternoon. Because the number of vehicles queued would
differ, thelength of the queue and associated user costswould also differ and would need to be
analyzed separately.

Table3.11 reproduces summary dataon thetraffic affected for each of the cost components
fromtable 3.10.

Table3.11. Summary tr affic affected by each cost component.

Hours Number of Vehicles That
(24-Hr Traverse | Traverse Stop Slow
Clock) WZ Queue 55-0-55 55-40-55
0- 5 2,734 0 0 2,734
5- 9 0 0 0 0
9-15 16,980 16,980 21,861 0
15-20 0 27,270 24,458 0
20—23 8,032 7,427 5,357 605
23-24 1,259 0 0 1,259
Total 29,005 51,677 51,677 4,597

Step 6. Compute Reduced Speed Delay

Before computing actual user cost, the analyst must know the number vehicles subjected to
speed changes, the number of vehiclesthat stop, and the delay time through both thework zone
and the queue. The number of vehiclesthat undergo speed changesand that stop isdirectly
related to the affected traffic, which hasa ready been determined. Although the number of
vehiclesdelayed through the work zone and queue areahave been determined, the amount of
delay can only be computed after knowing thework zone and queue arealengthsand the
speedsthrough them.

Thedelay timethrough thework zone and through the queue is computed in the same manner.
In each case, thedelay isdetermined by subtracting thetimeit takesto traverse either thework
zoneor queuelength when they are present from thetimeit takesto travel the same distance
when they are not present. Both cal culations depend on thelength to betraversed and the
appropriatetravel speedswhen awork zone and/or aqueue are present and when they are not.

WZ Delay = WZ Length - WZ Length
WZ Speed  Upstream Speed
QueueDelay = Queuelength - Queuelength

Queue Speed  Upstream Speed

Work zoneand queue delay computationsfor the example problem follow:
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Work Zone Reduced Speed Delay

Inthe example used here, thefollowing weregiven:

Upstream Speed = 55mi/h
Work Zone Speed = 40mi/h
Work Zone Length = 5.25miles

Thework zone reduced speed delay iscomputed using the delay formulajust discussed. Table
3.12 showstheresults.

Table3.12. Work zonereduced speed delay.

Work Zone | Timeat 40 mi/h | Timeat 55 mi/h | Work Zone Delay/Veh.
Length (Miles) (Hours) (Hours) (Hours) (Minutes)
5.25 0.1313 0.0955 0.0358 21
Queue Reduced Speed Delay

Queuereduced speed delay iscomputed in the same manner, however, in this casethe queue
speed and queuelength are not known. It istherefore necessary, inthiscase, to determinethe
queue speed and queuelength for each of thethree analysistime periodswhere queuesexists.

Queue Speed Calculations

Speed through the queue can be determined by using the Forced-Flow Aver age Speed versus
\olumeto Capacity (V/C) ratio graphsfor level of serviceF contained intheearlier editionsof
the Highway Capacity Manual . Us ng the volume through the queue and the Free-Flow
capacity of thefacility, theV/Cratioiscalculated for each period and used to find the
corresponding speed. Table 3.13 givesvolume and capacity information alongwith theV/C
calculationsfor thethreedifferent queueperiods(9to 3, 3t0 8, and 8to 11).

Table3.13. Queue speed.

Daily Time Period
Factors 9am.—3p.m. 3—8p.m. 8—11p.m.
@) (b) ©

Volume (Queue)* 2,830 5,454 2,830
Capacity (Roadway) 6,540 6,540 6,540
VIC 0.43 0.83 0.43
Speed 8 mi/h 18 mi/h 8 mi/h

* Thisisthe volume that moves out of the queue in a 1-hour period
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Becausetheonly way for traffic to exit the queueisthrough thework zone, the volumethrough
the queue sectionislimited to the capacity of thework zone. The capacity of thework zone
restrictsthe volumeto 2,830 vph duringthe 9 am. to 3 p.m. andthe8to 11 p.m. periods. The
gueue dissipation capacity restrictsvolumethrough the queueto 5,454 vph duringthe 3to 8

p.m. period.

Thecapacity of the 3-lanedirectiona facility wherethe queueforms (upstream of thework
zone) isthe sameasthe capacity in the 3-lane unrestricted upstream section operatingina
free-flow condition just prior to the queue. That free-flow capacity wasdetermined earlier to be
6,540 vph.

Using thesevalues, the V/C ratiosare cal culated and used in conjunction with figure 3.5to
determinethe respective queue speeds shown at the bottom of table 3.13.

: |
Speed 18 mi/h | . /
|

miles par Feowr

P2
n

AVEHAGE SPEED

1 0.2 0.4 0.8 0.8 1.0
ViC RATIO

Figure3.5. Average speed ver susV/C ratio (level of serviceF).

I nspection of figure 3.5 reveal sthat the speed through the queuefor the9 am. to 3p.m. and the
810 11 p.m. timeperiodswill be approximately 8 mi/h based on the computed 0.43 V/Cratio.
The speed for the 3to 8 p.m. period isapproximately 18 mi/h based the computed 0.83V/C
ratio.
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Queue Length Calculations

Thequeuelength variesthroughout the day with changesin directiona hourly demand and
capacity through thework zone section. The number of vehiclesinthe queuestartsout small
whenit first formsaround 9 am., growsto amaximum at about 6 p.m., and trail soff to nothing
asit totally diss pates somewhere before 11 p.m. (around 10:40 p.m.). Somevehiclesfacevery
short delays, while othersface considerabledelays. Figure 3.6 isaplot of the number of queued
vehiclesat theend of each hour. It graphically displaysthe growth and diss pation of the number
of queued vehiclesover the course of the day.

Cumulative Number of Queued Vehicles
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. /\
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Figure3. 6. Queued vehiclegrowth and dissipation over time.

Queuedelay computationsare generally based onthe average queue length over the queue
period. An average queue length can be computed for each hour that aqueueexistsor an
overadl average queuelength for theentire9 am. to 11 p.m. period can be devel oped by
making some s mplifying assumptions about queue growth and dissipationrates. Such
assumptions, if valid, can greatly reducethe number of necessary delay time computations.

If thenumber of queued vehiclesgrew at auniform rate to some maximum vaueand then
disspated at auniformrate, thegraphinfigure 3.6 would beatriangle. If it wereatriangle, the
average queuelength for theentire9 am. to 11 p.m. period would ssimply be one-half of the
maximum queuelength that occursduring the day. The maximum queuelength during the day
occurswhen the maximum number of vehiclesare queued. Inthe exampleproblem, thiswould
beat 6 p.m.

Becausefigure 3.6 does not reflect uniform queue growth or dissipation rates, themore detail ed

hour-by-hour analysisismore appropriate. For the exampleproblem, thefirst stepisto
determinetheaverage number of vehiclesqueuedin each hour. Thisissmply thearithmetic
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average of the number of queued vehiclesat the beginning and end of each hour. The computed
hourly average number of queued vehiclesisplottedinfigure 3.7.

Average Number of Queued Vehicles
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Figure3.7. Averagenumber of queued vehiclesin each hour.

Thenext step isto determinethe hourly queuelengthsfrom the average number of queued
vehiclesfor each hour.

Theaverage number of queued vehiclesineach hour isconverted to average hourly queue
lengths by dividing the average number of vehiclesinthe queueduring the hour by the changein
traffic dendty between the upstream free-flow section and the queue section during that hour.
Trafficdengity is, by definition, the number of vehiclesonamileof roadway (vehicles/mile). It
can be computed by dividing vehicleflow through the section (vph) by the average speed
through the section (mi/h). Dividing traffic flow (vph) by traffic speed (mi/h) produces units of
vehiclesper mile[(vehicles/hour) / (miles/hour) = (vehicles/miles)].

Traffic denstiesand queuelengths are computed in table 3.14 a ong with the average queue
lengths. Column (@) isthe hour for which the queuelength isbeing calculated. The queueand
upstream volumes (columnsb and ) for the hours shownin column (a) aretaken fromtable
3.10. The queue speeds (column d) aretaken directly from figure 3.5. The upstream speed
(column e) wasgiven as55 mi/hinthe problem definition.

Thedengty inthe queue (columnf) isdetermined by dividing the queuevolumein column (b) by
the queue speed from column (d). Thedensity of the upstream section (column g) isdetermined
by dividing the upstream demand in column (c) by the upstream speed from column (€). The
changeintraffic dendty in column (h) isjust thedifferencein the upstream and queuetraffic
dengties(columnf minusg).
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The Average Number of Queued \ehicles (columni) isthearithmetic average of the number of
vehiclesqueued at the beginning and end of each hour. Finally, the Average Queue Lengthin
miles(columnj) iscomputed by dividing theaverage number of queued vehiclesfor the hour
(columni) by the changein traffic density (column h) during that hour.

Thequeuelengthsintable 3.14 are grouped by analysisperiod (i.e., 9-15, 15-20, and 20-23)
inorder to determinethe average queuelength for thethree periods. The average queuelength
for each of thethree periodsissimply theaverage of the average hourly queuelengthsfor each
hour inthe period.

Table3.14. Aver age queuelength calculations.

Volume Speed Density
. Up- Up- Average
Time Up- str(fam In stré)am No. of
(24-Hr | Through | stream In Change
Clock) | Queue of Queue of Queue of (f-0) Queued
Queue | (b/d) | Queue Vehicles
Queue
(cle)
(a) (b) (c) (d) (e) () (9) (h) (i)
9-10 2,830 3,150 8 55 354 57 296 160
10-11 2,830 3,417 8 55 354 62 292 613
11-12 2,830 3,639 8 55 354 66 288 1,311
12-13 2,830 3,769 8 55 354 69 285 2,185
13-14 2,830 3,837 8 55 354 70 284 3,158
14-15 2,830 4,051 8 55 354 74 280 4,271
Average for the 9-15 Period (9 am. to 3 p.m.) 1,950
15-16 5,454 4,725 18 55 303 86 217 4,517
16-17 5,454 5,849 18 55 303 106 197 4,350
17-18 5,454 6,865 18 55 303 125 178 5,253
18-19 5,454 4,289 18 55 303 78 225 5,376
19-20 5,454 2,730 18 55 303 50 253 3,432
Average for the 15-20 Period (3 to 8 p.m. 4,586
20-21 2,830 2,354 8 55 354 43 311 1,832
21-22 2,830 1,998 8 55 354 36 317 1,178
22-23 2,830 1,610 8 55 354 29 324 381
Average for the 20-23 Period (8 to 11 p.m.) 1,130

For the 9 am. to 3 p.m. period, theaverage hourly queuelengthis0.54 milesbetween9and 10 am.
and continually buildsto amaximum hourly averagelength of 15.25 milesbetween2and 3 p.m. The
overdl average queuelengthfor the9am. to 3 p.m. periodis6.87 miles.

For the 3to 8 p.m. period, the average hourly queue length startsat 20.81 milesbetween3and 4 p.m.,
buildsto 29.48 milesbetween 5 and 6 p.m., and then drops back to 13.55 milesbetween 7 and 8 p.m.
Thishappensdespite of thefact that thework zoneisnot in place during thisentire 3to 8 p.m. period.
Theoverall average queuelength for theentire 5-hour periodis21.97.

Finally, duringthe8to 11 p.m. period, the average hourly queue length startsout at 5.89 milesbetween
8and 9 p.m. and dropsto 3.71 miles between 9 and 10 p.m. Somewhere between 10 and 11 p.m. the
queuefinally dissipatesand the average hourly queuelengthfor thisperiod is1.17 miles. Theoveral
average queuelengthfor the8to 11 p.m. periodis3.59 miles.
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Queue Length Calculations — Alternate Approach

A smplified gpproach to cal cul ating queue lengths entai | s assi gning the number of queued
vehiclestotheavailablelanesand multiplying the number of vehiclesper lane by an assumed
average vehiclelength that includesthe space between vehicles. An example problem on page
6-7 of the 1994 HCM assumes an average vehiclelength of 40 feet/vehicle. Using thesame
assumed va ue of 40 feet/vehicleand the average number of queued vehiclesfor each of the
gueue periodsfromtable 3.14, theaverage queuelength arecal culated in table 3.15 using this
alternate approach.

Table 3.15. Aver agequeuelength — alter native approach.

Average
Average No. | Average Queue
Average No. . Feet
Period No. Queued | of Queued Vehide | o | Length
Vehicles | Lanes | (VenidesLane) Length Mile | (Miles)
(b)/(c) (feet) (d)x(e)
(f)
(a) (b) (© (d) (€) (f) (9)
9:00 - 15:00 1,950 3 650 40 5,280 5.0
15:00 - 20:00 4,586 3 1,529 40 5,280 11.8
20:00 - 23:00 1,130 3 377 40 5,280 2.9

Theaverage queuelengthscalculated in table 3.15 under the alternative approach are somewhat
shorter for the9a.m. to 3 p.m. and the 8 to 11 p.m. periods (periodswhen thework zoneisin
place). Thisindicatesthe assumed vehiclelength of 40 feet isabout 25 percent too short. The
average queue length calculated for the 3to 8 p.m. period, when thework zoneisnot in place,
issgnificantly shorter (gpproximately 50 percent) than the average queuelength computed using
theroadway density approach. During thisperiod the queue speed issignificantly higher anditis
highly unlikely that the assumed 40 feet/vehi cle spacing can be maintained.

Oncethe maximum queuelengthsand the speedsthrough the queuefor dl three queueanaysis
periods have been determined, the average delay for vehiclesthat transverse each of the queues
can be computed. Theaverage delay iscomputed by determining thetime necessary to
transversethe average queuelength at theforced-flow queue speed and subtracting thetimeit
would normally takeif the queue were not present. The speed without the queue present isthe
sameasthe speed in the upstream section (inthiscaseit isgiven as55 mi/h).

Theaverage queuedelay timefor each of thethree queueanalysis periodsiscomputedin table
3.16. Thetravel timesshownin column (¢) arecomputed by dividing the average queuelength
incolumn (a) by the queue speed in column (b). Thetravel timesfor column (d) are computed
by dividing the average queuelength in column (a) by the 55 mi/h upstream speed. Theaverage
gueuedelay timesshownin column (€) and (f) are determined by subtracting thetravel times
necessary to traversethe queuelength (columnsc minusd). Thedaily hoursof queuedelay will
be computed by multiplying the average queue del ay time per vehicle by the number of affected
vehiclesineach period.
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Table3.16. Averagequeuedday time.

. Aver age Queue Delay
A(\?/lejreige Queue Time (hours) per Vehicle
. Length _Speed @Queue | @55

Period (Miles (Miles’Hour) |  Speed mi/h Hours | Minutes

(a/b) (a/55) (c-d) (c-d)

(@ (b) © (d) (e) )

9-15 6.87 8 0.8590 0.1249 0.7340 44.04

15-20 21.97 18 1.2205 0.3994 0.8211 49.26

20-23 3.59 8 0.4490 0.0653 0.3837 23.02

Step 7. Select and Assign VOC Rates

Table 3.17 isreproduced from chapter 2 and shows additional hoursof delay and additional

VOC (in August 1996 dollars) associated with stopping 1000 vehiclesfrom aparticul ar speed
and returning them to that speed for thethree vehicle classes. Different factorsare provided for
Passenger carsand both Single-Unit and Combination trucks. In addition, thelast row of table
3.17 showsthe VVOC rate associated with idling while stopped.

Whilethistableisdesigned to determine stopping cost, it can also be used to determinethe cost
and timefactors associated with dowing from 55 mi/h to 40 mi/h and returning to 55 mi/h. This
isaccomplished by subtracting the cost and timefactorsfor stopping associated with each

Table3.17. Added timeand vehiclerunning cost/1,000 stopsand idling costs (Aug 96 $).

Added Time (Hr/1,000 Stops) Added Cost ($/1,000 Stops)
Initial (Excludes I dling Time) (Excludes Idling Time)
Speed Pass. Trucks Pass. Trucks
(mi/h) Cars | Single-Unit | Combination Car Single-Unit | Combination
5 1.02 0.73 1.10 2.70 9.25 33.62
10 151 1.47 2.27 8.83 20.72 77.49
15 2.00 2.20 3.48 15.16 33.89 129.97
20 2.49 2.93 4.76 21.74 48.40 190.06
25 2.98 3.67 6.10 28.67 63.97 256.54
30 3.46 4.40 7.56 36.10 80.23 328.21
35 3.9 5.13 9.19 44.06 96.88 403.84
40 4.42 5.87 11.09 52.70 113.97 482.21
45 4.90 6.60 13.39 62.07 130.08 562.14
50 5.37 7.33 16.37 72.31 145.96 642.41
55 5.84 8.07 20.72 83.47 160.89 721.77
60 6.31 8.80 27.94 95.70 178.98 798.99
65 6.78 9.53 NA 109.02 195.84 NA
70 7.25 NA NA 123.61 NA NA
75 7.71 NA NA 139.53 NA NA
80 8.17 NA NA 156.85 NA NA
Idling Cost ($/Veh-Hr) 0.6927 0.7681 0.8248
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speed from one another. For the example problem, thelast line of table 3.18 (columnsathrough
¢, and columnsd through e, respectively) showsthe delay and speed change cost factors
associated with going from 55 mi/h to 40 mi/h and back to 55 mi/h.

Table 3.18. Speed change computations.

Added Time (Hr/1,000 Stops) Added Cost ($/1,000 Stops)
Initial (Excludes|dling Time) (Excludes|dling Time)
Speed | Pass Trucks Pass. Truck

(mi/h) | Cars | Single-Unit | Combinations | Cars | Single-Unit | Combinations
(@ (b) (© (d) (® (f)

55 5.84 8.07 20.72 8347 160.89 721.77
40 4.42 5.87 11.09 52.70 113.97 482.21
55-40-55 | 142 2.20 9.63 30.77 46.92 239.56

Step 8. Select and Assign Delay Cost Rates

The section on Delay Cost Rates (page 19) discusses user delay cost rates. Table2.13is
reproduced herefor convenience astable 3.19.

Table3.19. Recommended valuesof travel time($/Veh-Hr) (Aug 96 $).

Trucks

Single-Unit Combinations
$10to 13 $17t0 20 $21to24

Passenger Cars

Whileany valueswithin therangesshownintable 3.19 are cons dered reasonabl e, for purposes
of the example problem, the Delay rates sel ected correspond to the mean valuesdetermined in
table 2.7 (see page 20). Thefollowing valuesare used in connection with all delay cost
computationsin the section on Compute User Cost Component by Vehicle Class:

Passenger Vehicles = $11.58/Veh-Hr
Single-unit trucks = $18.54/Veh-Hr
Combinationtrucks = $22.31/Veh-Hr

Step 9. Assign Traffic to Vehicle Classes

Atthispointitisnecessary to distributethedirectional traffic affected by thevarious cost
componentsto the appropriate vehicle classesfor each cost component. Table 3.20laysout the
matrix used to assign the overall traffic associated with each of the user cost componentstothe
appropriate vehicleclasses.
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Table 3.20. Affected traffic by vehicleclassand user cost component.

Affected Passenger Trucks
Cost Component \_/ehicles Vehicles | Single-Unit | Combos Total
Mixed Flow 89% 6% 5%
(@ (b) (©) (d) (€)
Speed Change (55-40-55) 4,597 4,092 276 230 4,597
Traverse WZ 29,005 25,814 1,740 1,450 29,005
Stopping (55-0-55) 51,677 45,993 3,101 2,584 51,677
Queue Delay; (9-15) 16,980 15,112 1,019 849 16,980
Queue Delay, (15-20) 27,270 24,270 1,636 1,364 27,270
Queue Delay; (20-23) 7,427 6,610 446 371 7,427

Continuing with the example problem, column (@) of table 3.20liststhetota daily trafficfor
each user cost component. Thevolumeslistedin column (b), (c), and (d) reflect the distribution
of theoverall traffic for each of the cost componentsto the appropriate vehicleclasses. The
header for each column listsvehicle classdistribution factorsused. These percentageswere
developed for the example problem in the Project Future Year Traffic Demand section
(page43). They reflect the projected distributionsin 1999 (the year of thework zonewill be
established) based onthedifferential growth rates assigned to passenger vehiclesand trucks.
Column (e) isthesum of columns(b), (c), and (d) and isjust amathematical check to ensure
that thetraffic assigned to thevehicle classestotal sback to the origina traffic volume,

Step 10. Compute User Cost Componentsby Vehicle Class

Daily user costsby vehicleclassfor each cost component are computed by multiplying the
affected traffic by the appropriate unit cost rates (either VOC or delay) for thevarious
components. Theindividua costsare computed in tables 3.21 through 3.27.

Theadded VOC ratesused in column (b) of table 3.21 are from the bottom line of columns (d)
through (f) in table 3.18, whiletheratesused in column (b) of table 3.22 arefrom the bottom
lineof columns (&) through (c) of table 3.18.

Theldlecost ratesin column (c) of table 3.26 aretaken from the bottom line of table 3.17.

Table3.21. User cost component # 1— speed changeVOC (55-40-55 mi/h).

Affected Added VOC Cost (9) Total
Vehicle Class Vehicles (55-40-55) per day Costs (9)
$/1,000 Vehicles (60 Days)
(C) (b) (©) (d)
Passenger Cars 4,092 30.77 126 7,554
Single-Unit Truck 276 46.92 13 777
Combination Truck 230 239.56 55 3,304
Total Speed Change VOC 4,597 194 11,634
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Table 3.22. User cost component #2 — speed changedelay cost (55-40-55 mi/h).

Affected Added Time Delay Cost |~ ) Total
Vehicle Class Vehicles (55-40-55) Rate (%) per day Costs ($)
Hrg/1,000 Veh | (per Veh-Hr) (60 Days)
(@ (b) (© (d) (€)
Passenger Cars 4,092 1.42 $11.58 67 4,037
Single-Unit Truck 276 2.20 $18.54 11 675
Combination Truck 230 9.63 $22.31 49 2,963
Total Speed Change Delay 4,597 128 7,675
Table3.23. User cost component #3—wor k zonereduced speed delay cost.
Affected Added Time Cost ($) Costs (3) Total Cost
Vehicle CI Vehicles (55-0-55) (per Veh-Hr) | Per day (60 days)
ehicle Class (Hrs/1,000 Veh) | P y
(a) (b) (©) (d) (e)
Passenger Cars 45,993 5.84 $11.58 3,110 186,621
Single-Unit Truck 3,101 8.07 $18.54 464 27,835
Combination Truck 2,584 20.72 $22.31 1,194 71,665
Total Stopping Delay 51,677 4,769 286,121
Table3.24. User cost component #4 — stopping VOC (55-0-55mi/h).
Affected Added VOC Costs($) | Total Cost
. Vehicles (55-0-55) per day (60 days)
Vehicle Class Hr/1,000 Veh
(a (b) (© (d)
Passenger Cars 45,993 83.47 3,839 230,341
Single-Unit Truck 3,101 160.89 499 29,932
Combination Truck 2,584 178.98 462 27,748
Tota Stopping VOC 51,677 4,800 288,020
Table3.25. User cost component #5— stopping delay cost (55-0-55 mi/h).
Affected Added Time Cost ($) Costs ($) Total Cost
Vehicle Class venicles | . (35°099) | per ven-hir) | Per day (60 days)
(Hrs/1,000 Veh) Y
(a) (b) (c) (d) (e)
Passenger Cars 45,993 5.84 $11.58 3,110 186,621
Single-Unit Truck 3,101 8.07 $18.54 464 27,835
Combination Truck 2,584 20.72 $22.31 1,194 71,665
Total Stopping Delay 51,677 4,769 286,121
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Table 3.26. User cost component #6—idling VOC.

| Oueue Affected | 499 | glevoc Rates | Costs(9) | Total Cos
Vehicle Class Period Vehicles (Hours) ($/1000Veh-Hr) per day (60 days)
(a) (b) (© (d) (e)
9am.to3p.m. 15,112 | 0.7340 7,684 461,038
Passenger | 3p.m.to8p.m. 24,270 | 0.8211 692.70 13,804 828,227
Cars 8p.m.to 11 p.m. 6,610 | 0.3837 1,757 105,422
Subtotal 45,992 - - 23,245 1,394,687
9am.to3p.m. 1,019 | 0.7340 574 34,464
Single-Unit | 3p.m.to 8 p.m. 1,636 | 0.8211 768.10 1,032 61,913
Trucks 8p.m.to 11l p.m. 446 0.3837 131 7,881
Subtotal 3,101 - - 1,738 104,258
9am.to3p.m. 849 | 0.7340 514 30,840
Combination | 3 p.m.to 8 p.m. 1,364 | 0.8211 824.80 923 55,403
Trucks 8p.m.to 11l p.m. 371 0.3837 118 7,052
Subtotal 2,584 - - 1,555 93,295
Total Idling VOC 1,592,241
Table3.27. User cost component #7— queuereduced speed delay cost.
| Oueue Affected Ar?:jneg Dgg‘é((gﬁ Costs($) | Total Cost
Vehicle Class Period Vehicles (Hours) | (per Ven-Hr) per day | (60 days)
(@) (b) (© (d) (€)
9am.to3p.m. 15,112 0.7340 128,454 7,707,264
Passenger Cars | 3p.m.to 8 p.m. 24,270 0.8211 $11.58 230,760 | 13,845,629
8 p.m.to 11 p.m. 6,610 0.3837 29,373 1,762,360
Subtotal 45,992 - - 388,588 | 23,315,253
9am.to3p.m. 1,019 0.7340 13,865 831,884
Single-Unit 3 p.m.to 8 p.m. 1,636 0.8211 $18.54 24,907 1,494,428
Trucks 8p.m.to 11 p.m. 446 0.3837 3,170 190,220
Subtotal 3,101 - - 41,942 2,516,533
9am.to3p.m. 849 0.7340 13,903 834,202
Combination 3p.m.to8p.m. 1,364 0.8211 $22.31 24,977 1,498,593
Trucks 8p.m.to 11 p.m. 371 0.3837 3,179 190,750
Subtotal 2,584 - - 42,059 2,523,546
Tota Queue Speed Delay 28,355,331
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Step 11. Sum Total Work ZoneUser Costs

Table 3.28 showsamaster summary of al costs, and table 3.29 showsthe percent distributions
of those costs. Thefirst three cost componentsin tables 3.28 and 3.29 represent the cost
associated with free-flow, while the remaining four cost components represent theforced-flow
queuing costs.

Examination of tables 3.28 and 3.29 immediately revea sthat the high user costsarenot a
L CCA problem, but areatraffic control problem. Further inspection revea sthat morethan
90 percent of the user costsresult from the queue delay component. An additiona 5 percentis

Table3.28. Master summary — total (60 day) work zoneuser cost (Aug 96 $).

Passenger Trucks Totals
User Cost Component Cars Single-Unit | Combination (6]
(C) (b) (©) (d)
1 Speed Change VOC 7,554 777 3,304 11,634
2 Speed Change Delay 4,037 675 2,963 7,675
3 WZ-Reduced Speed Delay 642,012 69,296 69,489 780,796
4 Stopping VOC 230,341 29,932 27,748 288,020
5 Stopping Delay 186,621 27,835 71,665 286,121
6 Queue 9am.to 3 p.m. 461,038 34,464 30,840
Idling 3p.m.to8p.m. 828,227 61,913 55,403 1592 241
VOC 8p.m.to 11 p.m. 105,422 7,881 7,052 T
Subtotal 1,394,687 104,258 93,295
7 Queue 9am.to3p.m. 7,707,264 831,884 834,202
Speed 3 p.m.to 8 p.m. 13,845,629 | 1,494,428 1,498,593 28,355,331
Delay 8 p.m. to 11 p.m. 1,762,360 190,220 190,750 e
Subtotal 23,315,253 | 2,516,533 2,523,546
Grand Totas 25,780,505 | 2,749,304 2,792,010 31,321,819
Grand Totas % 82.3% 8.8% 8.9% 100.0%

Table3.29. Master summary —work zoneuser cost distribution (%).

User Cost Component PassCars| SU Combination | Totals
1 Speed Change VOC 0.02 0.00 0.01 0.03
2 Speed Change Delay 0.01 0.00 0.01 0.02
3 WZ-Reduced Speed Delay 2.05 0.22 0.22 2.49
4 Stopping VOC 0.74 0.10 0.09 0.93
5 Stopping Delay 0.60 0.09 0.23 0.92
6 Queue Idling VOC 4.45 0.33 0.30 5.08
7 Queue Speed Delay 74.44 8.03 8.06 90.53
Grand Totas 82.31 8.78 8.92 100.00
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associated with the queueidling costs and another 2 percent i sassoci ated with queue stopping
VOC and delay. Therefore, approximately 97 percent of the user costs can be avoided by not
allowing thequeuesto develop inthefirst place. In theexample problem, the queuing Situation
could bedrastically reduced, if not completely avoided, if work zoneoperationscould be
limited to evening work between 7 p.m. to 7 am. By limiting the contractor to evening work
hoursonly, the queue cost inthe 9 am. to 3 p.m. period would be compl etely eliminated and
the evening rush hour would not haveto deal with the built-up queue from the midday work
zone!

Thecontractor’sproductivity ratewould suffer dramatically during themidday use of thefacility
becausethe contractor’ sdelivery vehicleswould haveto deal with the samedelaysasthe
general traffic stream. It istherefore not alarge penalty on the contractor to be unabletowork
during midday.

Other dternativesto lowering thework zone-related user costsinclude adding capacity prior to
the development of largefuturetraffic demands, accel erating contractor productionto reduce
theoverdl durationthework zoneisin place, and limiting theoverall frequency of rehabilitation
activities.

Whilethe numbers may appear unreasonably large, they arenot out of linewhen compared to
user costsdevel oped for highway facilitiesdamaged by the North Ridge, California, earthquake.
Table 3.30 showsestimatesof thedaily user costs associated with having the damaged facilities
out of service.

Table 3.30. Aver ageweekday delay — Nor th Ridgeear thquake.

Delay Hours Delay Cost Fue Total
Route Car @ Truck @ Costs Costs

Car | Truck | “eon | s1020mr | (9) )
I-5 51,650 | 4,400 310,000 85,000 40,800 436,000
I-10 135,100 | 3,532 811,000 68,000 110,000 | 990,000
SR-118 | 31,630 1,235 189,800 23,710 24,600 | 238,100
Tota 218,380 | 9,167 | 1,310,800 | 176,710 175,400 | 1,664,100

Source: Wesemann, Hamilton, Tabaie, and Bare, 1995.
Note: 30 percent of companies severely affected; average shipping cost increased by 8 percent.

Note: Intheexampleproblem, congestion delay isal work zonerelated. Prior to establishing
thework zone, the highway facility could handle every hourly demand. In other cases, thismay
not betrue—thefacility may be congested on aregular basiswithout work zones. In such
cases, routine congestion costs must be subtracted from thework zone-rel ated congestion.

Step 12. Address Circuity and Delay Costs

Thefina stepincalculating user costsisto addresscircuity and crash costs. Thefollowing
sections addressthese costs.
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CIRCUITY

Circuity isaterm used to describethe additional mileagethat userstravel, either voluntarily or
involuntarily, onadetour to avoid ahighway work zone. If trafficisforced to detour, circuity
costsarethe:
(1) Full VOC costs ($0.31 per mile) for passenger carstimesthe excessdistancethe
detour imposes.
(2) Appropriate$/hour delay ratestimesthe excessdetour time.
(3) Differenceincrashratestimestheexposurerateand cost per crash.

If noformal detour isestablished and circuity istheresult of voluntary self-imposed diversions,
then aconsumer surplus approach must be employed.

Example Circuity Delay Calculations
Problem Statement

A 5-milerural section of Parkway between interchangeswill be closed for 90 daysto
recongtruct abridgetaken out by flash flooding. Thereconstruction will requiretrafficto be
detoured to a10-milesection of rural 2-laneminor arteria highway. Capacity on the minor
arteria iscurrently underutilized and congestion isnot expected to beamgjor problem. AADT
onthe parkway is 10,000 vehiclesper day.

«  Circuity Delay Cogts
(Detour) 10miles @ 30mi/h = 0.333 hoursper vehicle

—(Parkway) 5miles @ 50mi/h = 0.100 hoursper vehicle
Additional hours per vehicle= 0.233

Additiona Delay Cost =
0.233 hrs/veh x 90 days x 10,000 AADT x $11.50/veh-hr = $2,411,550

« CircuityVOC (AssumeaVOC rate of $0.30/mile onthe Parkway and
$0.35/mileonthe detour)

VOC (Detour) =10milesx 10,000 vpd x 90 daysx $0.35/VMT =$ 3,150,000
—VOC (Parkway) = 5milesx 10,000 vpd x 90 daysx $0.30/ VMT =$ 1,350,000
Additiona VOC (Circuity) =$ 1,800,000

« Tota Circuity Costs ~ $2,411,550 Additiona Delay Costs
$ 1,800,000 Additional VOC Costs
$4,211,550 Total Circuity Cost
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CRASH COSTS

General

Thehighway safety community hasreplaced the term accident with theterm crash becausethe
term accident impliesthat they areunavoidable. Inredity, highway crashesto alargeextent are
avoidable. ThisInterimTechnical Bulletin usestheterm crash coststo describe what was
previoudy called accident costs.

Crash costs associated with work zones and work zone-generated circuitoustravel area
function of thegenerally higher crashratesin work zonesand on aternate/detour routesthan
ontheprimary facility in the absence of work zones. Crash rates are based on the number of
crashesasafunction of exposure, typically vehiclemilesof travel (VMT). Crashratesare
commonly specified ascrashes per 100 million vehiclemilesof travel (100M VMT).

Overdl crashratesfor thevariousfunctiona classesof roadway arefairly well-established.
Crashratesfor work zones, however, are not. Whilethereisalimited amount of work zone
crash history data, thevaidity of the dataused to compute the crash ratesis sometimes suspect.
Sometimes, crashesthat occur in work zone-generated queuesare not classified aswork zone
crashes. Even moreimportantly, most of thetimeit’sdifficult to accurately quantify thework
zone exposurerate (i.e., thelength of thework zone and number of hoursaday, and the
number of daysthework zoneand resultant queuesarein place). Further, the crash rate, while
sgnificantly higher in work zonesthan nonwork zones, issometimesstill low enough that there
aren’t any crashesin agiven work zone because the exposure period isjust too short to allow
for gatisticaly vaid results. Findly, the problem iscompounded by thefact that work zones
differ sgnificantly intheway they treat maintenance of traffic. For example, someuse
permanent barriers, whileothersuse conesor drums; some narrow lanes, while othersmaintain
lanewidth and shoulders. Although there appearsto beagenera rule of thumbindicating that
crashratesin work zonesare about threetimesthe normal ratefor thefacility, there does not
appear to be much statistically significant research datato support thisrule of thumb.

With theselimitationsontheavail ability and validity of crash ratesinmind, crash costscan be
developed by multiplying theunit cost per crash, by thedifferentia crash ratesbetween work
zonesand nonwork zones, by thevehicle milesof travel during the duration of thework zone.
Thedurationincludesboth thetimethework zoneisin place and thetimethat queuesare
present. Vehiclemilesof travel can be estimated by multiplying the percent of thefacility’s
AADT that will be affected by thework zone and resultant queues, by the length of thework
zone and queue, and the number of daysthework zonewill bein place.
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Overall Crash Rates

Crash costson detoursand alternate routes used by diverted traffic are generally easier to

cal cul ate because crash rates on the primary facility without awork zone and on alternate routes
aregenerally better known. However, even when the crash rates are better known, the exposure
rate may still bedifficult to determineasit requires someindication or estimate of diversionto
aternaterouteswhen no formal detoursare established.

Crashratesby crash typefor the variousroadway functional classesare computed by using crash
and VMT datacontained inthe FHWA'smost current annual Highway Satisticsreport.®”

Table 3.31 contains 1995 dataon crash fatalitiesand nonfatal injurieslisted inthe FWHA's 1995
Highway Statistics. Table 3.32 contains 1995 Highway Satisticsdataon VMT. Thedatain
thesetwo tablesare used to generate the crashinjury rates contained intable 3.33. Theoverall
crashinjury ratesshownintable 3.33 are peopleinjured per 100M VMT and do not specifically
represent work zoneinjury rates.

Table3.31. 1995 peopleinjured in motor vehicle crashesby functional class.

Rural Urban
Facility Type
Fatalities | onfatal | o itjes | Nonfatal
Injuries Injuries
(@ (b) () (d) (e)

Interstate 2,340 55,924 2,110 253,823
Other Freeways/Expressways - - 1,290 86,676
Other Principal Arteria 4,498 120,271 5,868 773,446
Minor Arterial 4,300 166,241 3,755 515,586

Magjor Collector 5111 187,648 - -

Minor Collector 1,565 60,143 - -
Collectors - - 2,568 218,837
Local 3,910 236,441 4,455 601,383
Total 21,724 826,668 20,046 2,449,751

Source: 1995 Highway Statistics: tables FI-220 and FI 221.

Table 3.32. 1995 vehiclesmilesof travel (millions).

Facility Type Rural Urban Total
(a) (b) (©) (d)
Interstate 223,382 341,528 564,910
Other Freeway/Expressway - 151,560 151,560
Other Principal Arteria 215,567 370,338 585,905
Minor Arteria 153,028 293,272 446,300
Magjor Collector 186,212 - 186,212
Minor Collector 49,936 - 49,936
Collector - 126,929 126,929
Local 105,164 205,907 311,071
Total 933,289 1,489,534 | 2,422,823

Source: 1995 Highway Statistics: table VM-202.
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Table3.33. Crashinjury rates(peopleinjured per 100M VMT)

Rural Urban
Facility Type
P Fatalities | Nonfatal | polities | NNonfatal
Injury Injuries
€] (b) (©) (d) (e
Interstate 1.0 25.0 0.6 74.3
Other Freeways/Expressways - - 0.9 57.2
Other Principal Arterial 21 55.8 1.6 208.8
Minor Arterid 2.8 108.6 1.3 175.8
Magjor Collector 2.7 100.8 - -
Minor Collector 3.1 120.4 - -
Collectors - - 2.0 172.4
Local 3.7 224.8 2.2 292.1

Source: Computed from 1995 Highway Statistics data.

Table 3.33 showsthe crashinjury ratesfor rural and urban areas. These were computed by
dividing the number of rura injuries(columnsb and c) and urbaninjuries(columnsdand e) in
table 3.31 by the appropriate VMT contained in columns (b) and (c) of table 3.32. Thecrash
injury rateslisted in table 3.33 are the number of fatalities (column b and d) or the number of
nonfatal injuries(columnscande) per 100M VMT.

Work ZoneCrash Rates

Limited information on work zone crashesis contained in the FHWA's Constr uction Cost and
Safety Impacts of Work Zone Traffic Control Strategies.®® The study evaluated the
differencesin Single Lane Closure (SL C) and Two-Lane Two-Way Operation (TLTWO ...
crossover) traffic control strategiesonrura 4-lanedivided highways. Thereport includescrash
datafrom 48 construction projectsin 11 States. Thetraffic volumeson therouteswererel atively
low, generally within a10,000to 30,000 ADT range.

Thereport concluded that therewere no significant differencesin overal crashratesbetween
thetwo traffic control aternativesfor the sitesand volumes studied. It further concluded that
therewasno significant differenceintotal crashesrates between beforeversusduring
constructionfor al projects. However, thereport did conclude that the severity (the number of
fatal and nonfatal injury crashes) increased significantly during construction periodsfor both the
SLCand TLTWO traffic control strategies.
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The 1996 Fataity AnalysisReporting System (FARS) datasupportsthisfinding. Column (a)
of table 3.34 listsranges of the percent of total motor vehicle crash fataitiesthat occur inwork
zones, while column (b) liststhe number of Statesthat fall withinarange.®

Table3.34. 1996 wor k zonemotor vehiclecrash fatalitiesasa percent of all fatalities.

Work Zone Fatalit
Ratio Ranges (%)y No. of States

(a) (b) ©
0% 3 3

0.01% — 0.49% 1 9

0.50% — 0.99% 8

1.00% — 1.49% 16 3

1.50% — 1.99% 7

2.00% — 2.49% 6 1

2.50% - 2.99% 5

3.00% - 3.49% 1 5

3.50% - 3.99% 1

4.00% - 4.49% 3 3

Inspection revea sthat most SHA s are experiencing adisproportionate percentage of fatalities
(morethat 1 percent) occurringinwork zonesrelativetothe VMT that takes placein work
ZOnes.

Construction Cost and Safety |mpacts of Work Zone Traffic Control Strategies also
includes crash rates on the study routes before and during thetimethat work zoneswere
established. The crash rates provided in the report are broken out by type of work zone, type of
construction work, and type of traffic control used. However, because of thelimited number of
projectsinthestudy, thestatistical validity of such highly disaggregated andysisisquestionable.
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Asaresult, tables3.35and 3.36 present only the overall work zone crash rate datafor thetwo work
zonetraffic control strategiescontainedinthereport.

Columns(e) and () in tables 3.35 and 3.36 contain acomputed crash ratein theform of theannual
number crashes per mileof highway per 10,000 ADT for thetime periodsbefore and during which the
work zonesarein place. Column (g) showsthedifference. Theunitsused intheoriginal report (annual
number crashesper mile of highway per 10,000 ADT) are converted to more commonly used units
(crashesper 100M VMT) in columns (h) through (j). Inspection of tables 3.35 and 3.36 revealssome
projectshad lower crash ratesduring the period of construction than they had during the period before

Table3.35. Crashrateson SLC.

Annual Crashes per Crashes per
Length | ADT Mileper 100K ADT 100 Million VMT
State | Route (SLC) | (1,000)
’ Before | During | Change | Before | During | Change

(a) (b) (© (d) (€) () (9) (h) (i) ()
AZ |1-10 14.1 8.0 6.881 | 5.802 | -1.079 183.0 | 159.0 -24.1
KY | I-75 8.0 26.0 1414 | 0.877 | -0.536 38.7 24.0 -14.7
AZ | 1-40 6.2 8.8 2478 | 2.058 | -0.419 67.9 56.4 -11.5
LA |1-20 6.1 235 1.133 | 0.850 | -0.283 31.0 23.3 -7.8
NC | I-95 11.6 20.0 1893 | 1.854 | -0.039 59.1 50.8 -1.1
LA |I-12 14.8 21.6 1.268 | 1.250 | -0.018 34.7 34.2 -0.5
MI | 1-196 3.0 114 0.000 | 0.000 0.000 0.0 0.0 0.0
FL | 1-295 7.5 26.0 3336 | 3.423 0.086 914 93.8 2.4
OR |1-84 16.9 124 1.044 | 1.160 0.116 28.6 31.8 3.2
NC | 1-40 7.8 35.0 2419 | 2.569 0.150 66.3 70.4 4.1
AZ | 1-10 3.3 33.0 4506 | 4.692 0.186 1235 | 1285 51
OR |I-5 15.5 20.6 0.297 | 0.787 0.490 8.1 21.6 134
NC | I-85 7.4 30.0 2023 | 2.722 0.699 55.4 74.6 19.2
OH |I-75 7.0 25.4 1.754 | 2517 0.763 48.1 69.0 20.9
KY | SR-114 14.4 7.6 2298 | 3117 0.819 63.0 87.0 24.1
NC | I-85 13.1 41.3 1.803 | 2.667 0.864 49.4 73.1 23.7
OR | 1-84 18.4 5.6 2.053 | 2.980 0.927 56.2 81.6 254
NC | I-77 9.9 32.0 1.328 | 2.739 1411 36.4 75.0 38.7
LA |1-10 11.0 24.1 1.659 | 3.094 1.435 45.5 84.8 39.3
WV | 1-79 4.2 6.2 2.657 | 4971 2.313 728 | 136.2 63.4
AZ |1-8 6.1 59 0939 | 3381 2.442 25.7 92.6 66.9
FL | 1-295 4.8 20.0 4999 | 7.604 2.605 137.0 | 208.3 714
Ut |I-15 16.3 4.5 3.022 | 5.768 2.747 82.8 | 158.0 75.2
NC | 1-40 34 30.0 1535 | 4435 2.900 421 | 1215 79.5
Ml | 1-96 9.9 24.5 4317 | 7.935 3.618 1183 | 2174 99.1
WV | 1-64 2.7 19.0 1587 | 9.522 7.935 435 | 260.1 2174

Total 243.3 522.3

Average 2.256 | 3414 1.159 61.9 93.6 32.0
STD 1525 | 2372 1.840 41.10 64.9 50.10

Source: FHWA-RD-89-210.
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Table3.36.Crashrateson TLTWO.

Annual Crashes per Crashes per
Length | ADT Mileper 10K ADT 100 Million VM T
State | Route (SLC) | (1,000) _ _
’ Before | During | Change | Before | During | Change
(a (b) (©) (d) (€) (f) (9 (h) (i) ()
LA |1-20 7.2 239 6.607 | 2.332 -4.285 181.1 61.2 | -119.8
Ut |I-15 8.8 52 5.447 | 2.815 -2.631 149.2 77.1 -72.1
WV | 1-64 2.1 27.0 5495 | 2.931 -2.565 150.5 80.3 -70.2
LA | US190 24 16.0 9505 | 7.097 -2.408 260.4 | 1944 -66.0
MI | 1-96 12.0 12.8 5.104 | 3.062 -2.042 139.8 83.9 -55.9
FL | SR-95 2.8 4.9 5.173 | 4.803 -0.369 1417 | 1316 -10.1
Ml | 1-94 10.0 29.0 2.884 | 2535 -0.350 79.0 69.5 -9.6
KY | WKP 55 4.2 2.048 | 1.756 -0.293 56.1 48.1 -8.0
Ut |1-84 10.7 38 3.265 | 3.019 -0.246 89.5 82.7 -6.7
AZ |1-10 2.2 12.0 249 | 2.304 -0.192 68.4 63.1 -5.3
LA |1-20 8.8 135 1.703 | 1.606 -0.097 46.7 44.0 -2.7
OR |I-5 13.2 22.6 0978 | 1.043 0.065 26.8 28.6 18
LA |1-20 4.7 27.6 1.590 | 1.877 0.287 43.6 514 79
MI | 1-94 10.0 18.5 3.886 | 4.185 0.299 106.5 | 1147 8.2
LA |1-59 6.6 13.0 3.314 | 3615 0.301 90.8 99.0 8.2
NC | 1-40 16.9 25.0 0.980 | 1.700 0.720 26.8 46.6 19.7
KY |I1-75 4.0 230 1469 | 2.498 1.029 40.2 68.4 28.2
OR |15 7.1 24.2 0.712 | 1.780 1.068 195 48.8 29.3
NC | 1-40 11.7 17.0 2.050 | 3415 1.365 56.2 93.6 374
WV | I-77 2.6 9.3 2516 | 4.193 1.677 68.9 | 1149 45.9
NC | US1 18 15.0 2674 | 4.457 1.783 733 | 1221 48.8
MI | 1-69 6.1 155 1397 | 4.239 2.841 383 | 1161 779
Total 1571 | 363.0
Average 3.241 | 3.057 -0.184 88.8 83.6 5.1
STD 2191 | 1.384 1.697 60.0 38.0 46.8

Source: FHWA-RD-89-210.

thework zonewas established. Further, from the bottom lines of thetables, theoverall average
crashrrateon SLC wasdightly (though not significantly) higher during work zone operations,
whiletheoverdl averagecrashrateon TLTWO wasdightly (though again not significantly)
lower during work zone operations.
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Work zone crash rate dataisalso included in An Evaluation of Lane Closure Strategiesfor
| nter state Wor k Zone.?? Data contained in thisreport was based on the study of 26 Interstate
4R Projectsin Indiana. Tables3.37 and 3.38 provide dataon overall and injury crashrates.

Notethat theratesintables3.37 and 3.38 areper 10M VMT.

Table3.37. Averageoverall crashrates.

Lanesin Mean and Crash Ratesper 10M VMT

Work Zone Type Each Standard Without With Chanae
Direction Deviation Work Zone | Work Zone 9

Cross Over 5 Mean 6.0329 8.0431 2.0102
Standard Deviation 1.6842 3.6017 3.2005

. Mean 5.5916 7.4528 1.8612
Partial Lane Closure 2 Standard Deviation | 1.4645 31308 | 3.3354
Cross Over 3 Mean 5.8278 9.3544 3.5266
Standard Deviation 1.2350 5.9645 5.6871

. Mean 7.5166 10.1006 2.5840
Partial Lane Closure 3 Standard Deviation | 1.6422 26940 | 3.4964

Source: FHWA/JHRP-95/1

Table3.38. Averagefatal and nonfatal injury crash rates.

Lanesin Mean and Injury Cl’aSh Ratesper 1OM VMT
Work Zone Type Each Standard Without With

Direction Deviation Work Zone | Work zone | €hange

Cross Over > Mean 1.1289 2.0746 0.9457
Standard Deviation 0.5376 1.9380 2.1879

. Mean 1.0969 2.0311 0.9342
Partial Lane Closure 2 Standard Deviation | 0.4252 1.3405 1.2684
Cross Over 3 Mean 1.5885 2.6367 1.0482
Standard Deviation 0.3961 1.5320 1.3851

. Mean 1.7641 2.1128 0.3487
Partial Lane Closure 3 Standard Deviation | 0.2829 1.0574 1.1565

Source: FHWA/JHRP-95/1

ExampleCrash Cost Calculations

Thefollowing exampleproblemisusedtolay out arationa approachto calculating the
additiona crash costsassociated with awork zone-generated detour.

Problem Satement

A 5-milerural section of Parkway between interchangeswill be closed for 90 daysto
recongtruct abridgetaken out by flash flooding. Thereconstruction will requiretrafficto be
detoured to a10-milesection of rural 2-laneminor arteria highway. Capacity onthe minor
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arteria iscurrently underutilized and congestion isnot expected to beamagjor problem. AADT
onthe parkway is 10,000 vehicles per day.

Solution

Table 3.39 showsthematrix used to calculate the differential crash costs. Column (c) liststhe
crashratesfor thefacility and crash typeslisted in columns(a) and (b). Theratesthemselvesare
taken from columns (b) and (c) of table 3.33. Thecrashfatality rateis2.8 fatalitiesper 100M
VMT onrural 2-laneminor arterial highwaysand 2.1 onrural parkways (other principa arterial
routes). Theinjury crashratesper 100M VMT is108.6 onrura 2-laneminor arteria highways
and 55.8 onrural parkways (other principa arteria routes).

Table3.39. Crash cost calculation matrix.

Crash Rate Exposure No. of Crash
. Crash/ . VMT ) Crash
Facilit Vehicles | No. of . Crashes Costs ($
Y| Type | 100M Do day | Days | Miles | (100M) (Ox(g) | CostRate (h)x((i))
VMT (d)x(e)x(f)
) (b) (© (d) (e ®) (¢)) (h) () ()

Parkwan Fatality 2.1 10,000 90 5 0.045 0.0945 1,240,000 117,180
y Injury 55.8 10,000 90 5 0.045 2.5110 27,800 69,806
Subtotal | All 186,986
Detour Fatality 2.8 10,000 90 10 0.090 0.2520 1,240,000 312,480
Injury 108.6 10,000 90 10 0.090 9.7740 27,800 271,717

Subtotal | All 584,197
Change 397,211

In additiontothehigher fatality and nonfatd injury crashrates, detoured and diversionary traffic
on average have agreater crash exposure because of thegenerally greater travel distances.
Column (g) of table 3.39 liststhe exposurefor thetwo aternative routesin unitsof 100 M
VMT. Thevaueslisted were computed by multiplyingthe ADT (columnd) by the number of
days(column ) by thelength of each dternativeroute (column ) and dividing theanswer by
100million.

Theactua number of crashesexpected (column h) are cal culated by multiplying the crashrates
incolumn (c) by theexposurein column (g).

Findly, the crash cost listed in column (j) are computed by multiplying the expected number of
crashesin column (h) by thecrash cost ratesin column (i). The crash cost ratesused in column
() were selected from the updated MicroBENCOST default crash cost ratesdiscussed earlier
in Crash Cost Rates on page 23.

Further information on work zone crash ratesisavailablein the participant’s handbook for
Nationa Highway Institute Course# 38003, Design and Operation of Work Zone Traffic
Control.®) Pages 2-7 discuss Before and After work zone crash rates. Resultsfrom Virginia
and Texasareincluded.
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Virginiadatafor 1991 indicate an increase of 57 percent on multilane highwaysand 168 percent
on 2-lane urban highwayswith the variation being afunction of traffic, geometry, and
environment. In Texas, 1984 to 1988 data show freeway construction crashesincreased by
28.7 percent onthemain line and 2.4 percent on frontage roads. It also showsa37.4 percent
increase at nighttime compared to 24.4 percent during the daytime. The dataa so suggest that
theaverage changesin severe mainline crash rateswere cons stent from project to project, while
other mainline crash categoriesvaried significantly fromsteto site.

LCCA Microcomputer Programs

Microcomputer software programs such as MicroBENCOST and QueWZ are availablefor
conducting L CCA onroutine pavement rehabilitation projects. Thessimplified procedures
outlinedinthischapter arenot likely to be sufficient when attempting to analyze user cost on
highly complex urban freeways. In such cases, theanalyst would do better to usethe battery of
urban planning model sused by the major metropolitan planning organi zations (M POSs). Traffic
assignment models, run on the network level can provide better estimatesof traffic diversions
from theroutein question and the effect of such diversionsof traffic flow on aternateroutes.
Thesemodel scan berunto determinethe network-level changesinvehiclemilesof travel
(VMT) and hoursof traffic delay with and without thework zonein place. When network |evel
changesin VMT and Delay are known, user-cost cd culations become much smpler.
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CHAPTER 4. RISK ANALYSIS APPROACH

Thischapter introducesaprobabilistic-based risk analysis approach to LCCA in pavement
design. It introducesthe Monte Carlo s mulation technique asthe method of choiceinthe
treatment of uncertain LCCA variables. It exploresthe concept of risk and examines someof the
limitations associ ated with the current deterministic approach. Whilethischapter focusesonthe
useof risk analysisinapavement design setting, the principlesand techniques put forth offer
potential in other areaswhere uncertainty isanimportant consideration in thedecision-making
process.

DEFINING RISK

The concept of risk comesfrom the uncertainty associated with future events— theinability to
know what thefuturewill bring inresponseto agiven actiontoday. Risk can be subjectiveor
objective. Qubjectiveriskishbased on personal perception— intuitively deciding how risky a
Situation may be. For example, many people may fed that flyingismorerisky thandriving. This
perception of risk may berelated to the consequences of failure, aswell astheability (or
inability) to control the situation. Objectiveriskisbased on theory, experiment, or observation.
Often thefactsof the situation may disputeintuitivefeelings. For example, in 1996 therewere
1,070 aviationfatdlities, inthe sameyear therewere also 40,676 highway fatalities. Because
individuas perceptionsof risk vary, decisionsincorporating risk management conceptswill
depend to alarge extent on the decision maker’stolerancefor risk.

DEFINING RISK ANALY SIS

Risk analysisisconcerned with three bas ¢ questions about risk: 1) What can happen?2) How
likely isit to happen?3) What are the consequences of itshappening? Risk analysisanswers
these questions by combining probabilistic descriptions of uncertaininput parameterswith
computer simulation to characterizetherisk associated with future outcomes. It exposes areas of
uncertainty typicaly hiddeninthetraditiona deterministic approachto LCCA, andit dlowsthe
decision maker to weigh the probability of an outcomeactually occurring.

THE NEED FOR RISK ANALY SIS

Many analytical modelstreat input variablesasdiscretefixed va ues, asif thevalueswerecertain.
Infact, themgority of input variablesare uncertain. Economic modelsusedinatypical LCCA
areno exception. In conducting LCCA,, itisimportant to be aware of theinherent uncertainty
surrounding thevariablesused asinputsinto theanalysis. Uncertainty resultsfromthe
assumptions, estimates, and projectionsmadein conducting theandysis. Table4.1 summarizes

L CCA input variablesand the general basisused to determinetheir values.
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Table4.1. LCCA input variables.

L CCA Component Input Variable Source
Preliminary Engineering Estimate
L Construction Management Estimate
Initial and Future Agency Costs Construction Edimate
M aintenance Assumption
Timing of Costs Pavement Performance Projection
Current Traffic Estimate
Future Traffic Projection
Hourly Demand Estimate
Vehicle Distributions Estimate
Dollar Vaue of Delay Time Assumption
User Costs Work Zone Configuration Assumption
Work Zone Hours of Operation Assumption
Work Zone Duration Assumption
Work Zone Activity Y ears Projection
Crash Rates Estimate
Crash Cost Rates Assumption
NPV Discount Rate Assumption

Traditionally, thisuncertainty isoftenignoredinan LCCA. For example, theanalyst may makea
seriesof best guessesof thevaluesfor each input variable and compute asingle deterministic
result. The problemwith thisapproachisthat it often excludesinformation that could improve
thedecision.

In some casesalimited sengitivity analysismay be conducted whereby various combinations of
inputsare selected to qualify their effect on analysisresults. However, even with asenstivity
analysis, thisdeterministic approach to LCCA often conceal sareas of uncertainty that may be
crucia to decision-making process. Often, stakehol ders sel ze upon the uncertainty associated
with LCCA inputsand vigoroudy debatethevalidity of theresults. Traditiona, deterministic-
based L CCA resultssuch asthese generate endless debate over which dternativetruly hasthe
lowest life-cycle cost. This process encouragesdivision and unproductive debate.?

The need to make strategic long-term investment decisionsunder short-term budget constraints
isforcing SHAsto consider risk asacriterion for judging acourse of action. Risk anaysis
exposesareas of uncertainty for the decision maker. Based on thisnew information, thedecision
maker hasthe opportunity to take mitigating action to decrease exposureto risk. With the
emergenceof user-friendly computer software, an SHA can easily integrate quantitativerisk
analysisconceptsinto the decision-making process

GENERAL APPROACH

Figure4.lillustratesthebasicrisk analysisapproachin LCCA. It showsthe NPV formula
typicaly used astheeconomicindicator inan LCCA. Asshowninfigure4.1, arisk analysis
gpproach usesrandom sampling from probabilistic descriptions of uncertaininput variables
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Combine Variability of Inputs to Generate a
Probability Distribution of Results

A AD
NPV = Initial Cost +

L A
2. Future Cost X a+l”

A 5

Figure4.1. Computation of NPV using probability and smulation.

(initial cogt, future cost, discount rate, and year of rehabilitation) to generate aprobabilistic
description of results. By performing the Monte Carlo computer s mulation, thousands, even
tensof thousands of samplesarerandomly drawn from eachinput distributionto calculatea
separate what-if scenario. With the speed and memory of today’spersonal computers, such
iterations can be conducted in amatter of minutesor even seconds. Theresultsgenerated from
each what-if iteration are captured for |ater statistical anaysis.

Similar totheinputs, risk anaysisresultsare presented in theform of aprobability distribution
that describestherange of possible outcomesaong with aprobability weighting of occurrence.
In other words, by randomly drawing samplesfrom themodel’ sinput distributions, the computer
combinesthevariability inherent intheinputsand summarizesitintheform of aprobability
distribution. With thisinformation, the decision maker knowsnot only thefull range of possible
values, but dsotherdative probability of any particular outcome actualy occurring. Thisis
exactly theinformation that the decision maker needsin order to make an educated decision.

By including al possiblevaluesfor theanaysisinputsinrelationtotheir probability of
occurrence, risk analysiselevatesthe LCCA debate from contesting the validity of resultsto
deciding best public policy. Armed with thisnew information, risk analysis providesthedecision
maker with the opportunity to take mitigating action to decrease exposureto risk. Moreover,
risk anaysisprovidesthose vested with the appropriate authority and accountability, namely
executivesand e ected officials, the opportunity to make decisions about taking risk.

Although therisk analysisapproach iscal culationintensive and would beimpracticd to
complete by hand, the approach can be easily incorporated into deterministic analysisby using
user-friendly computer software programs. Today, softwareisavailablethat includes advanced
risk analysistechniques such asMonte Carlo smulation. Risk analysis software can be stand-
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alone programs (Microsoft Visua Basic, C++, etc.) or smpleadd-insto spreadsheetssuch as
Microsoft Excel or Lotus.

Because of theflexibility that spreadsheetsoffer in solving awidevariety of problemsthis
Interim Technical Bulletin exploresthe use of risk analysisin aspreadsheet environment.
Thetwo most often used spreadsheet add-inrisk analysis software programsare @RISK and
Crydtd Ball. They arevery smilar in operation and capability. For presentation purpose, this
Technical Bulletin discussion uses @RI SK in conjunction with Microsoft Excel spreadshests.

Risk analysishasbeen used for anumber of yearsin other industries. Asaresult, anumber of
approacheshave evolved to conduct such analysis. Thefollowing sectionsoutlinesagenera
approach that may be used to conduct arisk analysis. Thefive proposed stepsare:

| dentify structureand logic of problem.
Quantify uncertainty using probability.
Performsamulation.
Andyzeandinterpret results.

Make aconsensusdecision.

agrwDdPE

Thefollowing sections address each of these stepsin detail. The example problem presented
below illustrates how risk analysismay be applied inapavement design LCCA setting. To keep
theexamplesimple, user costsare omitted.

A Sate highway agency is considering two competing pavement design
alternatives, A and B. The analysis period is 35 years, routine reactive maintenance
costs differences between alter natives are insignificant, and the discount rate may
range from 3 to 5 percent. Average and Standard Deviations for Agency Costs,
shown in table 4.2, have been devel oped from an analysis of recent bid records.
However, because of a lack of documented field performance data, the Sate
convened a special panel of pavement experts to devel op estimates of pavement
service life for each the proposed design alternatives. Table 4.3 shows these
estimates. Use a probabilistic approach to evaluate the two alter natives.

Table4.2. Averageand standard deviationsfor agency costs.

Cost Item Alternative A Alternative B
Average StdDev | Average | Std Dev
Initial Agency Cost
($ Millions) 26.5 0.75 20.0 25
Future Rehabilitation
Cost ($ Millions) 7.0 0.5 6.0 1.0
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Table4.3. Egtimatesof pavement servicelife.

Alternative A Alternative B
M ost M ost
Min Likely | Max Min | Likdy | Max
Initial Pavement 20 25 30 12 15 18
Design (Years)
Future _Rehabl litation 10 13 15 5 7 10
Design (Years)

Step 1. Identify the Structureand L ayout of the Problem

Thefirgt stepin conducting arisk analysisisto identify the structure and layout of the problem.
Thisusualy involvesreducing the problemtoitsmost basic el ementsand describingitinthe
form of an analytica modd. Flow charts sometimes supplement themodel and clarify
relationships between variables. Inthisexample problem, themodel isdefined by theformulafor
NPV:

NPV = InitialCost + ) FutureCost{ R 1.)n ]
+1

Thismodel may be programmed in aspreadsheet or astand-alone program may be devel oped
using Visual Basic, C++, etc.

Figure4.2 showsthe pavement servicelife curvesfor each dternative strategy based onthe
mean servicelifevauesfrom table4.3. Based on the mean pavement servicelife, Alternative A

[Terminal Serviceability]

Pavement Condition

0 5 10 15 20 25 30 35

Pavement Life (Years)

35-Year Analysis Period

Figure4.2. Pavement lifecurvesfor AlternativesA and B.

85



requiresonerehabilitation; whereas, Alternative B requiresthreerenabilitationsover theanalysis
period of 35 years. Figure 4.3 showsthe expenditure streamsfor each alternative based onthe
mean servicelifevaluesfromtable4.3.

Cost ($ Millions)

0 5 10 15 20 25 30 ; ”
w $1.5
Pavement Life (Years) 35-Year Analysis Period v$1.6

Figure4.3. Cash flow diagram for AlternativesA and B.

Based onthemean valuesof estimated servicelives, both Alternatives A and B haveremaining
servicelife(RSL) at the end of the 35-year analysisperiod. Thevalue of the RSL must be
properly accounted for and appropriately discounted. In adeterministic LCCA, treatment of the
RSL of each dternativewould berdatively straightforward. Inthe probabilisticrisk andysis
approach, the RSL issue becomes more complex because of therange of possibleinput values
and the random sampling of model inputs.

The NPV modd must takeinto account the entirerange of probable pavement servicelivesfor
both theinitial design and future rehabilitation designs. Assuch, thereisadiscrete probability
that thelast rehabilitations (as defined using mean servicelifevaues) showninfigure4.2 could
take place earlier than the mean servicelifevalueswould indicate. At the sametimethereisa
discrete probability that thelast rehabilitations shown might well only berequired at some point
beyond the end of theanalysisperiod. Asaresult, probabilistic-based risk anaysis modelsmust
account for all the possibilitiesin determining the number, timing, and RSL of futurerehabilitation
requirements. Typically, logic IF statements provided in most spreadsheet programsor
programming languages can be used to facilitate discounting future costs over the entire range of
probableservicelifevalues.

In devel oping the structure and layout of themode!, itiscrucia toidentify dependenciesamong
uncertain variablesto avoid producing incorrect results. Because user costs have been omitted
intheexampleproblem, the number of variableshasbeen significantly reduced. Initial cost,
future costs, discount rate, and year of rehabilitation activity aretheuncertainvariablesinthis
model. Thenext stepisto describetheir uncertainty.
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Step 2. Quantify Uncertainty Using Probability

Thenext stepisto develop probability distributionsfor the uncertain variablesidentified inthe
previousstep. A probability distribution allowsthe analyst to describethe compl ete range of
vauesthevariable may assumeand weightstheir likelihood of occurrence accordingly.

Types of Probability Distribution

Figure4.4illustrates some of the more common probability distributions. Those showninclude
triangle, normd, and uniform distributionsin hissogram format.

Triangle Normal Uniform
0.10
0.20
0.05 0.10 0.06
0.00 0.00 0.00
56 10 10 15 20 7 23
Triang(min, most likely, max) Normal(avg, std) Uniform(min, max )

Figure4. 4. Exampleprabability distributions.

Thehorizontal axisprovidesarange of possibleva uesand thevertical axisprovidesareative
frequency weighting of the occurrence of any particular value. For the histograms shown, the
probability isequal to theareaunder the curve and thetotal shaded areaisequal to 1.0.

Figure4.5 showsacumulative ascending probability distribution. In thiscasethecumulative
probability isread directly off thevertical axis. For the example shown, thereisa 75 percent
probability that project costswill belessthan or equal to $9 million. Sometimes, the cumulative
distribution isshown inthe descending format, in which casethe probability representsthe
probability of exceeding any particular vaue.

1.00
o, 075 75% Probability
2 £ Project Cost will
L5 050 be Less than
EB o025 $9 Million
oo

00 4 8 12

Project Cost, ($ Millions)

Figure4.5. Ascending cumulative probability distribution.
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Discrete and Continuous Variables

Probability distributionsmay be used to model discreteor continuousvariables. Discrete
variablesare countable. Continuousvariablesare not. For example, time passesgradualy;
whereasthe numberson adigita wristwatch change abruptly. Inthiscase, timeisacontinuous
variable, whereas, thewatch’s measurement of timeisnot. |n practice, acontinuousdistribution
may be used to model adiscretevariable, aslong asthe difference between allowablevauesis
small. For example, project costsisadiscrete variablewith steps of 1 cent. However, it may be
model ed using acontinuous distribution because the magnitude of agency cost arerelatively
largeinatypica pavement desgn LCCA.

Developing Probability Distributions

Probability distributions may be devel oped using either objective or subjective methods. The
objective method uses hard data(such asbid pricelist and observed capacity) to formulatethe
distribution; the subjective method uses expert opinion.

When existing dataisavailable, statistical analysispackages can be used to automatically fit the
probability distribution to the data. These programs compare the morecommon distribution
typeswith availabledata. Along with recommendations on the distribution typesthat best
describethevariability of thedata, many distributionfitting programsprovide statistical
indicatorssuch as Chi-squared, Anderson-Darling (A-D), and Kolmogorov-Smirnoff (K-S)
that describethe goodnessof fit. These gtatisticsindicate how closdly the probability distribution
fitsthedata

Figure4.6illustratesthe use of group interviewsfor devel oping subjective probability
descriptionsof uncertain variables. Asshown, expert panelsare convened to establish the
boundariesand genera shapeof input distributions. Thisprocessof diciting information from
expertsissimilar to thewell-known Del phi method. Such meetingsarestructuredto dicit all
expert opinion. Background information isprovided to participantsby using scatter plots, trend
charts, bas ¢ statistics, and histogramsto summarize availabledata. Discussiontopicsinclude
not only theover all uncertainty of theinput variables, but a so the possibleinterrelationshipsand

Thin Overlay
>
-
=
S8
o &
c@ g0 1212
Performance Life, (years)

Figure4. 6. Using expert opinion to develop probability distributions.
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codependenciesamong theinput variables. Follow-up activitiesmay includeindividual
interviewswith meeting participantsto ensureall opinionsareincluded. Formal surveysand
guestionnairesmay a so be used in the processto ensurethat the resulting distribution coversthe
entirerange of possiblevalues. Tofacilitate buy-in on model results, it isimportant to emphasize
involving all stakeholdersinthisprocess.

Thesix distributionsmost often used to model the opinion of expertsinclude:

e Triang — Notail values.

e Trigen — Allowfortail vaues.

e Norma — Iftheandyst believesthedatatobenormally distributed, atechnique
isto back into thedistribution, given the mean, min, and max val ues.
TheEmpirica ruleindicatesthat plusor minus 2 standard deviations
approximate 95 percent of the data. The equation to estimatethe
standard deviationis: (Max—Min)/4.

e General — Thisdigtributionisvery flexiblebecauseit adlowstheexpert task group
totailor the shapeof thecurve.

e Uniform — A grossestimatingtool. A problemwiththeuniformdistributionisthat
outsdethe minand max val ues, the probability precipitoudy dropstoO.

e Discrete — Tomodel known probabilitiesor to welght expert opinions.

Selecting Distributions and Defining Parameters

Returning to theexample problem, thenormal distribution will be used to model thevariability
for agency costsusing the average and standard deviations provided in table 4.2. When using
hard datato determinethetype of distribution to use, it isimportant to check the reasonableness
of the goodness of fit statistics associ ated with the sel ected distribution. When measured data
isnot available, atriangular distribution may be used asarough estimate of thedistribution’s
shape. For the example problem, atriangular distribution will be assumed and the dataon
minimum, most likely, and maximum servicelifedataintable 4.3 will be used for thedistribution
input parameters.

If nothing were known about the shape of adistribution, it might be more appropriateto usethe
uniform distribution and thereby giveequa weight to probability of all input vaues. Littleis
known about the variability of the discount rateinthe example problem other thanit rangesfrom
3to 5 percent. However, recalling the OMB discount ratesshownintable 1.1, asymmetrical
triangular distribution with aminimum, most likely, and maximum of 3, 4, and 5 percent will be
used to estimate the actud distribution. The symmetry of thetriangular distribution hasthe added
advantage of not giving advantageto aparticul ar alternative based on theinfluence of higher or
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lower discount rates. Typicaly, lower discount ratesfavor higher initid costsand lower future
costs. Higher discount ratestypicaly favor lower initid costsand higher future costs. Table4.4
summarizestheinput distributionsthat will beused intheanadyss.

Table4. 4. sSummary of input distributionsfor LCCA.

Distribution Distribution Type and
Variable Type Controlling Parameters [llustration
Normal (mean, std dev) o2 mean
Initial Agency Normal | Alt A —Normal(26.5, 0.75) 53 st dev
Cost “a
Alt B —Normal(20,2.5)
Normal (mean, std dev) o2 mean
Future Rehab Normal | Alt A —Normal(7, 0.5) ) s dev
x =
Cost Alt B —Normal(6,1) *
Pavement Triang(min, most likely, max) 02 most likely
Service Life— Triangular AltA —Triang(20,25,30) é §
Initial Constr. Alt B —Triang(12,15,18) —
Pavement Triang(min, most likely, max) S| Moty
Service Life — _ Alt A —Triang(10,13,15) 5%
o Triangular _ x 2
Rehabilitation Alt B —Triang(5,7,10)
Triang(min, most likely, max) S| oStk
Discount Rate Triangular AltA —Triang(3,4,5) § §
Alt B —Triang(3,4,5)
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I ncorporating Probability Distributions in Spreadsheet Models

Probability distributions can bedirectly incorporated into spreadsheet model susing custom
distribution functionsavailableaspart of the @RI SK and Crystal Ball software programs. Each
of the programsincludes approximately 30 additional spreadsheet functionsthat areadd-insto
the existing spreadsheet’ s standard function set. Each of these additional functionsrepresentsa
probability distribution (NORMAL, BETA, TRIANG, etc.).

Figure4. 7 showsaMicrosoft Excel/ @RI SK spreadsheet model of the example problem. It
illustrateshow theinitial agency cost for Alternative B, shownincell D36, can be programmed
asan @RISK distribution function. Similar to astandard Excd function, an @RISK functionis
entered into the cell by including both the function nameand argument list. Figure4.7 shows
initial agency cost represented asanormal distribution with amean of $20 millionanda
standard deviation of $2.5million.

X Microsoft Excel - Probabilistic Example No 3
i|ﬁ File Edit ‘Wiew Insert Format Tools Daka Window  Hef @R|SK “add-in” buttons =1=1x]
2R Mjr i@
D36 | =] =RiskNormal(20 2 5)
A e ] T D F o 6 0] W =
33 Alternative A Alternative B
34 Variable itial = Rehahs Initial = Rehabhs !
35 Design Period / Life (years) \ 12.7 15.0 7.3
36|  Agency Cost (§ Millions) 26,50 —1 5m Normal(20,2.5)
37
3_8_ Discount Rate|  4.00%
39
40
41 Alternative A| Initial Rehah | Salvage
42 Year =x> 0.0 25.0 377 50.3 E3.0 757 8a.3
43|  Agency Costs (Constant §)]  26.50 7.00 -1.47 0.00 o.oo o.oo o.oo
44 Present WWorth Factar 0.3751 0.2283 01388 | 0.0845 00314 | 0.0313
45 | Agency Cost (Present Worth)|  26.50 263 -0.34 0.00 0.00 0.00 0.00
A5 Total MPY (Agency Cost)] 2878
47
43 Alternative B| Initial Rehab Rehab Rehab | Salvage
49 Year =xx 0.0 15.0 22.3 29.7 37.0 44.3 51.7
80| Agency Costs (Constant §)]  20.00 5.00 5.00 5.00 -1.64 o.oo o.oo
51 Present WWorth Factar 0.5553 0.4165 03124 | 02343 04757 | 01318
52 | Agency Cost (Present Worthy| 20.00 3.33 2.50 1.87 -0.38 0.00 0.00
53 Total NPY (Agency Cost)] 27,32
54
55 NPV Agency Costs|$ Millions
| 56 | MPY Alternative A 2879
&7 MNP Alternative B 2732
|:_|?1 [» [#[Model { Scenarios £ Histogram /4 Cumulative £ Statistics £ 4] | 'H_l
[ I V| I I

Figure4. 7. Exce spreadsheet showing @RI SK add-in buttons.
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Distribution functions such asthismay be used anywherein the spreadsheet wherethereis
uncertainty about thevalue of thevariable. @RI SK functionsmay be used the sameway that
any of the other normal spreadsheet functionsare used. They may beincluded in mathematical
expressionshaving cell referencesor beused aspart of IFF-THEN expressions, clarifying
logica relaionships.

Step 3. Perform Simulation

After thestructure of themodel has been established and distributionsdevel oped and
substituted for the uncertain input variabl es, the next step isto run asimulation of themodd to
obtainresults. A smulationisessentiadly arigorousextension of asengtivity anaysisthat uses
different randomly sel ected setsof valuesfrom theinput probability distributionsto caculate
separatediscreteresults. Theresultsarearrayed intheform of adistribution covering al
possible outcomes. Thisprocessof using random numbersto samplefrom probability
distributionsisknown as Monte Carlo sampling.?? Figure 4.8 depi ctsthe process of sampling
fromaninput distribution.

Random

> 1.0 Number
%
o 08T
e
o -
L 0.6 7%
IS -
= | 18 >
= 0.4 1l
=
O
0.2T
0.0 YYY V.—|X_65

Values Sampled from Input Distribution

Figure4.8. M onte Carlo sampling showingfour iterations.

Asshowninfigure4.8, aseriesof random numbersbetween 0 and 1 are generated by the
computer aong thecumulative probability scale of theinput distribution. Values corresponding
to each random number are sampled along the x-scale. For the exampl e shown, when the
computer generatesthe random number 0.65infigure 4.8, acorresponding valueof x . is
sampled. The sampled valueisthen combined with other distribution samplesto computea
singleresult. Itisimportant to note that the computer usesauniformdistribution to generatethe
random numbersand al valuesa ong the cumul ative scal e of they-axishave equa probability of
being selected. Therefore, x-axisva ues corresponding to portions of the distribution curve
wherethedopeissteeper (more vertical) have agreater likelihood of being sampled compared
to x-axisvaluesthat correspond to portions of the curvewith flatter S opes.
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Inasimulation, each iteration representsapossible scenario or outcome. Theresultsof each
iteration are captured, compiled, and subjected to rigorous statistical analysis. Thisprocessof
sampling fromaprobability distributionisrepeated until the specified number of iterationsare
completed or until the smulation processconverges(i.e., thepoint at which additional iterations
do not sgnificantly changethe output distribution).

Simulation techniques, such asthe Monte Carlo, typicaly requirealarge number of iterationsto
ensure sufficient opportunity to samplelow probability vaues. Thisisespecidly truewhen highly
skewed distributions are used to describe theinput variables. When the number of iterations
performedislow, clustering can occur. Inthissituation, sampled valuesaretightly clustered
around high probability outcomesand thelow probability outcomes may not be adequately
sampled. Clustering isparticularly important when low probability outcomescan havean
inordinately seriouseffect on results. Such outcomes must be accounted for inthesimulation,
but, to do this, they must be sampled. Thishasled to the devel opment of asampling technique
known as L atin Hypercube, which forcesamorerepresentative sampling with amuch lower
number of iterations. #2620

L atin Hypercubeisadtratified sampling techniquewhere the probability scae of thecumulative
distribution curveisdivided into an equal number of probability ranges. The number of ranges
usedisequd to the number of iterations performedinthesimulation.

Figure4.9illustrates L atin Hypercube sampling, inthiscase, showing four iterations, and
thereforefour distinct divisonsof thecumulative probability scae. Asshowninfigure4.9, within
adivison (inthiscase, divison number 2), arandom number between O and 1 isgenerated and
servesasthebasisfor selecting theinput value. Inthe case shown, 0.4 isgenerated and a

1.0
Random
Z’ @ Number
= 08T
Qo 1
2 A o
anaom Number
De_ 0_6_70000000000000000000ooo Betweenoandl
o . 0
= .
3 /)
> .
= s
O 02T @ :
0.0 L/
X.4O
Values Sampled from Input Distribution

Figure4.9. Latin Hyper cube sampling showingfour iterations.
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corresponding va ueissampled from thedistribution. Infutureiterations, the previoudy sampled
sectionisnot sampled again. Becausethe L atin Hypercube sampling technique memorizesthe
sectionsit sampled, it therefore achieves convergence much more quickly when compared to
theMonte Carlo. In addition to being moreefficient, thistechnique ensureslow probability
vauesaresampled andincludedinthesmulation.

Figures4.10 and 4.11 comparethe effect of Monte Carlo and L atin Hypercube sampling when
the number of iterationsislimited to 100. Asshown, 100 sampleswererandomly drawn from
thenormal distribution functionfor Initid Agency Cost Alternative B— Normal (20, 2.5).
Figure4.11 showsthat the stratified L atin Hypercube sampling technique achievesadistribution

Normal(20,2.5)

[ Monte Carlo Sampling |

Relative Probability

Project Cost ($ Millions)

Figure4.10. Monte Carlo sampling—100iter ations.

Normal(20,2.5)

0.14
0.12
0.1
0.08
0.06
0.047
0.02
0
12.7 14.0 15.4 16.8 18.2 19.5 20.9 22.3 23.6 25.0

| Latin Hypercube Sampling

Relative Probability

Project Cost ($ Millions)

Figure4.11. L atin Hypercubesampling—100iter ations.
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that moreresemblesthefamiliar bell-shaped normal curvewhen compared to purerandom
Monte Carlo sampling. Because of stratified sampling, itispossibleto achieve convergencein
fewer iterationsas compared to the M onte Carlo simul ation.

A cardina ruleof risk analysismodeling isevery iteration of arisk analysis simulation must
be a scenario that can actually occur. Failureto recognize the dependent relationship
between input variablesisusualy aprime source of error in smulation modeling. Suppose, for
example, that aspart of arisk model, probability distributions describe both the random
variability for AADT and pavement servicelife. Typically, pavement engineershaverelated
shorter pavement lifeto higher traffic volumes. Therefore, it would beirrational for asmulation
model to samplethehigh sideof thetraffic probability distribution curve, and at the sametime,
samplethehigh sdefor pavement life. Formal treatment of thisrelationship between AADT and
pavement servicelifeisusudly accounted for inthe simulation by using acorrel ation matrix.
Giventhat user costsare omitted from the exampl e problem, the number of variableshasbeen
greatly reduced and the anayst does not haveto correlate variables. Another sourceof error is
samplinginput distributions outs de reasonabl e bounds. For example, sampling fromanormal
distribution for project cost may produce mideading results, particularly when thevaues
sampled arenegative. Theuse of logica statementsaswell asestablishing boundsfor the
distribution may be used to overcomeerrorssuch asthis.

Figure4.7, previoudy shown, isaspreadsheet that showstheresultsof 10,000 iterations
processed using aMicrosoft Excel @RISK mode.?® The simulation run timewas 47 seconds
using aPentium 166 MHz Computer with 80 MB RAM. Beforeanalyzing the smulation results,
itisimportant to test the assumptionsto make certain themodel isrobust acrosstheentirerange
of possiblevaluesfor the uncertaininputs. The model should betested aseach component is
added to make certain theresultsarereasonable. Thisisespecialy truefor large and complex
models. A visual tool to examineamode during asimulationisto construct aplot of the
performance curvesand cash flows. @RI SK will allow asmulation to be executed one step at
atime. By stepping through the simulation and viewing the changing shape of the output graphs
inred time, itispossibleto detect errorsthat may existinthemodel.

Another tool that may be used to test arisk model isto incorporate the use of arandom number
generator seed. A seed valueisavaluethat isused to start the sampling processand all
subsequent random numberswill rely onthisvaue. Providing that the modd isnot changed, a
second run of the simulation using the same seed valuewill produce exactly the sameresullts.
Thiscan bevery useful intesting the effect of varying distributionsonrisk results. By usnga
seed value, theanalyst can be certain that any changein theresult iscaused by changesinthe
model andisnot aresult of randomness of the sampling. After themodel istestedanda
smulationisperformed, the next stepisto analyze and interpret theresuilts.
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Step 4. Analyzeand I nter pret Results

If the analysishad been conducted according to thetraditiona deterministic approach, al that
would be avail ableto base the decision on would be the means of the output distributions:
Alternative A $28.79 millionand Alternative B $27.32 million, respectively. Based onthe NPV
means, it isreadily apparent that Alternative B islessthan Alternative A by $1.47 million

(~ 4.8 percent). Some SHAswould probably consider thisdifferencein meansinsignificant and
may excludelowest NPV asaconsderation for selecting the aternative. Without an analysisof
thevariability about the mean, adecision such asthismay proveto beapoor choice—
depending on the decision maker’stolerancefor risk.

| nterpretation of risk anaysisresultsgoesbeyond asimple comparison of which dternativeon
average costslessby including an analysisof thelikelihood that any particular outcomewill
occur. Thereisno presumption that any particular aternativeisbetter. Figure 4.12 showsthe
risk profileof the NPV for Alternatives A and B in histogram form, wherethe probability isthe
areaunder the curve. AsFigure4.12 shows, the entirerange of conceivable outcomesis
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Figure4.12. Histogram NPV for AlternativesA and B.

arrayed with the estimated probability of each outcome actually occurring. Themain advantage
of thehistogramisthat it readily showsthevariability about the mean. Thewider thedistribution,
thegreater thevariability. Asshown, the outcomefor Alternative B ismoreuncertainthan
AlternativeA.
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Ininterpreting therisk profileinfigure4.12, itisimportant to distinguish between upsiderisk
and downsiderisk. Downsiderisk for project cost impliescost overrun— chance of financial
fallure. Upsiderisk for project costsimplies cost underrun— opportunity for low cost. As
figure4.12 shows, Alternative B hasgreater upsiderisk compared to Alternative A. However,
asdiscussed below, it isimportant to quantify the probability of cost overrunfor Alternative B.

Figure4.13 showstherisk profilesfor Alternatives A and B incumulativeform. Asshown,
thereisa60 percent probability that project costsfor Alternative B will belessthan
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Figure4.13. Cumulativerisk profileof NPV for AlternativesA and B.

$28.27 million. Thismeansthat for the 10,000 iterationsthat were processed, 60 percent of the
calculated vauesfor NPV werelessthan $28.27 million. Thevariability for the proposed
aternativeisinversdly proportiona to the dope of the cumulative curve. In other words, the
steeper thed ope, thelessvariability. Theflatter the dope, the greater the variability. Asshown,
thedopefor Alternative B isflatter than that for Alternative A, andisthereforemorevariable.

A risk anadysisprovides much moreinformation than asmpledeterministic solution. Astable
4.5 shows, additional information comesintheform of basic statistical measuresof smulation
resultsthat reved sthe underlying uncertainty associated with each dternative. Ininterpreting the
risk involved with eech dternative, it isimportant toidentify the magnitude of theextremesof the
distributionsshowninfigure4.12. Astable4.5 shows, Alternatives A and B have minimumsof
$25.4 and $13.3 million and maximums of $33.04 and $40.35 million, respectively. The
standard deviationfor Alternative B ismuch greater than Alternative A. Analysisof the
distributiontailsreveasa 10 percent probability that the NPV of Alternative B will belessthan
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Table4.5. Risk profilestatisticsfor AlternativesA and B.

Net Present Value ($ Millions)

Basic Statistic Alternative A Alternative B B-A
Minimum $ 25.40 $ 13.13 $ (12.27)
Maximum 33.04 40.35 7.31

Mean 28.93 27.60 (1.33)
Std Deviation 1.04 3.13 2.09
Per centile
5% 27.33 22.66 (4.67)
10% 27.65 23.71 (3.99)
15% 27.88 24.39 (3.49)
20% 28.05 24.98 (3.07)
25% 28.22 25.50 (2.72)
30% 28.36 25.93 (2.43)
35% 28.49 26.34 (2.15)
40% 28.62 26.73 (1.89)
45% 28.75 27.12 (1.62)
50% 28.87 27.48 (1.40)
55% 29.00 27.87 (1.13)
60% 29.13 28.27 (0.86)
65% 29.27 28.71 (0.56)
70% 29.42 29.13 (0.29)
75% 29.58 29.63 0.06
80% 29.76 30.20 0.44
85% 30.01 30.88 0.87
90% 30.31 31.67 1.35
95% 30.75 32.98 2.23

Alternative A by asmuch as$3.94 million. Conversely, thereisa 10 percent probability that
Alternative B will exceed thecost of Alternative A by $1.35 million. However, 70 percent of the
time, theNPV for Alternative B waslessthan Alternative A. It isinteresting to point out that the
mean shownintable4.5for Alternatives A and B isdightly different from the expected va ues
showninfigure4.7. Thisisbecausetable 4.5 meansare based on asimulation of 10,000
iterations.

Aspart of therisk assessment, asengtivity analysis can be performed on simulation resultsto
identify sgnificant input variablesthat areimportant in determining the output distributions. The
resultsof thisanalysisareusudly displayedintheform of aTornado plot, asshowninfigures
4.14 and 4.15. The higher the correl ation coefficient, the more significant theinput variableison
determining theresults. Thevariableslisted at thetop of the graph aremoresignificant than
those at the bottom. The degree of correlation may be cal culated using either therank order
correlation or stepwiseleast squaresregression. Rank order correlation makesno presumption
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Figure4.14. Correlation sendtivity plot for NPV Alter nativeA.
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Figure4.15. Correlation sengitivity plot for NPV Alternative B.

about the rel ationship between theinput and output variables. L east squaresregressi on assumes
alinear relationship between input and output variables. Thisisimportant to note because

model sthat incorporate divisonsand power functionsoften violatethislater assumption. Both
figures4.14 and 4.15 userank order correlation. Typically, correlation coefficientslessthan
about 0.6 are not significant.

Figure4.14 shows I nitial Agency Cost hasacorrelation coefficient of 0.72. Thismeansthat
if Initial Agency Cost movesone standard deviation (ineither direction), thenthe NPV for
Alternative A will move0.72 of astandard deviation inthe samedirection. If Design Period/
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Lifelnitial Construction movesone standard deviation (in either direction), then expectations
arethat the NPV for Alternative A will move0.52 standard deviationsin the oppositedirection,
becausetheredationship isreversed asindicated by the negative correl ation coefficient.

Tofurther theevaluation, theanayst can explorethelow probability areaof the outcome
distribution curvefor Alternative B, wherethe NPV isgreater than that for Alternative A,
(i.e., greater thanthe 90" percentile). Figure4.16 illustratesthe need to identify thekey input
variablesthat producelow probability scenarios— the extremes, or tails, of theresults
digtributionfor AlternativeB.
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Figure4.16. Analysisof distribution tails.

A scenario analysiscanidentify those variablesthat may causeaproject to have significant
cost overrun. Theanaysisiseasly accomplished using Excel/ @RI SK, which usesthefollowing
procedureto identify significant inputsfor aparticular scenario.

1.
2.
3.

oA
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Eachinput variablethat affectsthe selected output isfound.

Themedian and standard deviation of eachinput iscalculated.

A subset iscreated containing only theiterationsin which the output achievesthe
defined target.

Themedian of eachinput found in step 1 iscalculated for the subset data.

For eachinput found in step 1, the difference between the s mulation median and the
subset medianiscal culated and compared to the standard deviation of theinput data.
If theabsolutevalueof thedifferencein mediansisgreater than 0.5 of the standard
deviation of thewhole, then theinput variableisdeemed significant — otherwisethe

input isignored.



Table4.6identifiesthesignificant inputsin the upper 10 percent of thedistributionfor
Alternative B asDesign Period/Life Initial Construction, Agency Cost Initial Construction,
and Agency Cost Rehabilitation. Now that thedriversinthetail are known, the decision
maker may chooseto take somemitigating action against these significant inputsto reduce
exposureto upsiderisk. For example, the decision maker may chooseto aggressively control
agency costs.

Table4.6. Scenarioanalysisresultsfor NPV Alter nativeB.

Significant Inputs When NPV Alternative B Median of Samplesin Subset
Greater Than 90" Percentile Iterations M eeting Tar get
Design Period/Life Initial Construction (Y ears) 14.1
Agency Cost Initial Construction ($ Millions) 21.8
Agency Cost Rehabs ($ Millions) 5.43

Step 5. Make Consensus Decision

Inorder to makeadecision based on risk analysisresults, it isimportant for the decision maker
to definetheleve of risk the organization cantolerate. Decision makerswho cantoleratelittle
risk prefer asmall spread in possibleresults, with most of the probability associated with
desirableresults. Conversaly, if decision makersarerisk-takers, then they will accept agreater
amount of spread, or possible variation in the outcomedistribution. M ost decision makerscan
reach aconsensusdecision after weighing the probability for upsideand downsiderisk. In our
example, clearly Alternative B appearsto bethebetter alternative sincethereisfar greater
likelihood of cost savingscompared to Alternative A. Also, the probability of cost overrun,
comparedto Alternative A, appearsto be quitelow — lessthan 30 percent.

Thereason that thisstep iscalled aconsensus decisionisbecause al stakeholderswere
involvedindevel oping theinput probability distributionsearly inthe process. Asaresult, this
overal process should diffuse any negativereaction special interest groupsmay havewith the
outcome. Theresultisthat theentirerisk analysis processfacilitates consensus building among
stakeholdersso that action, inthe best publicinterest, may betaken.

PRESENTING RISK ANALYSISRESULTS

A riskanalysisisof littlevaueif theresultscannot be understood. Thus, thissection offers
practical advicein presenting risk analysisresultsto decision makers. Thefirst stepin presenting
risk analysisresultsisto know the audience. Here are some basi ¢ questionsto ask prior to
presenting theresults.

e Doestheaudienceneedarisk primer?
e Doestheaudiencebuy intotherisk analysisapproach?
e Doestheaudiencebuy intotheanalysis?

Doestheaudienceneed arisk primer? One of the primary reasons people havedifficulty
interpreting risk analysisresultsisthey often havelittle understanding of basic satisticswhichisa
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prerequisitetointerpreting risk results. Therefore, it may be necessary to providean
introductory session to train decision makerson fundamenta risk anaysisconceptssuch as
Monte Carlo sampling and probability distributionsbefore presenting risk analysisresults. The
purpose of such asessionisto providejust enough information so the decision maker can
understand and interpret risk analysisresults. Thereisno reason toincludeaformal treatment of
thestatistical theory underlying the concepts.

Doestheaudiencebuyin totherisk analysisapproach? Although simulation techniques
havebeen around sincetheearly 1940s, itisonly recently that thesetechniques have been
employed in the spreadsheet world of theanalyst. Risk analysisisthereforearelatively new way
of treating uncertainty and involvesan entirely new approach to understand and interpret the
results. Risk analysisisan analytical tool to aid the decision maker to select thebest dternative.
By exposing previoudy hidden areasof uncertainty critical information isreveaed thereby
providing the decision maker the opportunity to take mitigating action to decrease exposureto
risk. Most importantly, risk analysis providesthose vested with the appropriate authority, namely
executivesand elected officials, the opportunity to make decisionsabout risk taking. Asa
complimentto LCCA, risk andysiselevatesthe debate—from thevaidity of LCCA results—
totaking actionthat isinthe best interest of the genera public.

Doestheaudiencebuy-in totheanalysis? Anyoneexamining risk analysisresults should be
cautious. First and foremost isthemodel correct? Thereisnothing worsethan making high
stakes decisionsbased on amode that iswrong. It isimportant that the structure and logic of
themode beverified by anindependent party, particularly, if risk anaysisbecomesanintegral
part of the decision making process.

Doesthe model follow generally accepted procedures? For example, there are anumber
of different proceduresavailableto determine user costs. Arethe proceduresthat areemployed
documented and do stakeholders, ingeneral, accept the procedures? Thisisimportant to
obtain buy-in onrisk results. How weretheinput distributions determined? Were stakeholders
involved inthe process? Doestherangefor thedistributionsfall within agenerally accepted
range? Finally, theleve of detail inarisk anaysisreport should be commensuratewith the
problem at hand.

Thepresenter of arisk analysisreport should be ableto answer key questionsregarding therisk
analysisresults. Inthe presentation, it isrecommended that the devel oper of therisk model be
present to answer key questions about the structure and logic of themodel . In presenting risk
analysisresultsitisimportant not to overburden the audiencewith gatistics. A smplel-page
summary to includesummary statistics, histogram and cumulative distributions, and perhapsa
Tornado graph to show theimportant inputsin theana ysi s should be sufficient. When conveying
probability graphsto upper management it ishighly recommended that elther cumul ative ascend-
ing or cumulative descending graphsbe presented. The presenter should choose apresentation
method and stay withit. Structure and logic chartsarea so quite useful in presentingthesmula-
tion processaswel| asdiscussing judgements about the model rel ationships. Place model
assumptionsat the back of thereport. These areimportant, but not soimportant asto beinthe
summary shest.
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APPENDIX: RESOURCES

PUBLICATIONS
Federal Highway Administration

Construction Costs and Safety Impacts of Work Zone Traffic Control Strategies, Vol.2:
Information Guide, FHWA,, Publication No. FHWA-RD-89-210, December 1989.

FHWA Highway Pavements Cour se, Chapter 14-1, National Highway Institute Course
No0.13114, Publication No. FHWA-HI-90-028, May 1990.

James S. Gillespie, FHWA/VTRC 98-R12, Estimating Road User Costsasa Basisfor
Incentive/Disincentive Amountsin Highway Construction Contracts, February 1998.

L CC Interim Policy Statement, Federal Register Vol.59, No.131, July 11, 1994, p. 35404.

L CC Symposium Report No.12, Life-Cycle Cost Analysis Conference Proceedings,
November 1994.

Matt Witczak, Ph.D., Probabilistic-Based MCP (Micro-Computer Program) for LCCA for
Asphalt Concrete Pavements, University of Maryland at College Park, May 1994.

Motor Vehicle Accident Costs, Technical Advisory, FHWA, October 31, 1994.

Ratkim Pal and Kumares C. Sinha, An Evaluation of Lane Closure Strategiesfor Interstate
Work Zones, Joint Highway Research Project, FHWA/INJHRP-95/1, Purdue University/
IndianaDepartment of Transportation, November 1995.

Searching for Solutions; A Policy Discussion Series, No.16, Exploring the Application of
Benefit/Cost M ethodol ogiesto Transportation I nfrastructure Decison Making, (May 1995
Conference Proceedings), July 1996.

Traffic Monitoring Guide, Federa Highway Administration, Publication No. FHWA-PL-95-
031, October 1996.

National Cooperative Highway Research Program (NCHRP)
Project reports are issued at the conclusion of each NCHRP research project.

Report 133 Procedures for Estimating Highway User Costs, Air Pollution, and Noise
Effects, 1972.

Synthesis publications are a series of reports of studies on current practice in thefield of
highway transportation. Projects are sponsored by AASHTO.

SynthessReport 112 Life-Cycle Cost Analysis of Pavements, 1985.
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SynthesisReports 110 and 77 address future maintenance needs and costs.

SynthesisReport 142:  Methods of Cost Effectiveness Analysis for Highway Projects,
1988.

SynthesisProject 20-5, Topic27-12 Road User and Mitigation Costsin Highway
Pavement Projects, Final Draft, November 1997.

Research Projects

NCHRP-1-33 Methodology to Improve Pavement Investment Decisions
NCHRP 1-34 Guidelinesfor Subsurface Drainage; Final Report, February 1998.
NCHRP 12-43 Life-Cycle Cost Analysis of Bridges, 1997.

Project 2-18 FY91  Research Strategiesfor Improving Highway User Cost-Estimating
Methodologies, Hickling, Louis, Brod, April 1994.

Project 2-18 (2)FY 93 Valuation of Travel—Time Savings and Predictability in Congested
Conditionsfor Highway User Cost Estimation Procedure, Hickling,
Louis, Brod, July 1995.

Project 2-18 (3)FY 94 Development of an Innovative Highway User-Cost Estimation
Procedure; Hickling, Louis, Brod, March 1995.

Project 2-18 (4)FY 95 Proposal—Devel opment and Demonstration of StratBENCOST
Procedure; Hickling, Louis, Brod, (anticipated compl etion, November
1998).

Project 7-12 Microcomputer Evaluation for Highway User Benefits,
October 1993.

Project 10-50 Strategies for Rehabilitation—Rigid Pavements Subjected to High-
Traffic, Draft Interim Report (Revised), Nichols Consulting Engineers,
March 1998.

AASHTO

LCCA Survey, Summer 1994,

A Manual on User Benefit Analysis of Highway and Bus Transit Improvement, 1977.

The World Bank

Anthony Boardman, Aidan Vining, and W.G. Waters|1, Cost and Benefitsthrough
Bureaucratic Lens. Example of a Highway Project.
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COMPUTER SOFTWARE

Selected Sources of Software

McTransand PC Trans

McTransand PC Transare microcomputer software distribution centersfor transportation-

related software, including public domain software such asMicroBENCOST and QueWZ,
which weredevel oped with Federal funds. For information, contact:

McTrans PCTrans

phone: 352-392-0378 phone: 785-864-5658

fax: 352-392-3224 fax: 785-864-3199

Web site: www.mctransce.ufl.edu Web site: www.kuhuh.cc.ukans.edu./~pctrans.
emall: uftrc@ce.ufl.edu email: pctrans@kuhuh.cc.ukans.edu.

Other Software

Thereareseveral powerful microcomputer-based risk analysi s software programs currently on
themarket that work well in conjunction with L otusand Microsoft® Excel spreadsheet
applications. Authorsof thisTechnical Bulletin have used @Risk and Crystal Ball.

@Risk Crystd Ball

Palisade Corporation Decisioneering Corporation

phone: 1-800-432-7475 phone: 1-800-289-2550

Web site: www.palisade.com Web site: www.deci S oneering.com

Other software programs may be commercially available.

For information on DataPave, contact FHWA Customer Support 423-481-2967. Web siteis:
http://DataPave.fhwadot.gov, http:/Amww.LTPPDatabase.com/main.htm,
emall:LTPRinfo@fhwadot.gov
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